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ABSTRACT
The best strategy for providing food and maintaining the environment on
long-duration space missions is a bioregenerative life support system based on
the growth of higher plants. Before such a system can be implemented, a better
understanding of plant growth in space will have to be achieved. Little is known
about the role of gravity-dependent physical processes in normal physiological
function. A series of ground-based and spaceflight experiments was conducted
to examine root oxygen availability in microgravity nutrient delivery systems.
In spaceflight experiments Arabidopsis thaliana (L.) Heynh. plants were
analyzed for changes in root medium redox potential and root alcohol
dehydrogenase (ADH) activity, localization, and expression. These
experiments showed ADH activity and expression increased by 89% and 136%
respectively, without any change in localization. Ground experiments
demonstrated the increase in ADH activity in spaceflight roots was achieved by
a 28% decrease in oxygen availability.
Metabolic and growth pattern changes in spaceflight roots suggested
that root orientation could be directed toward oxygen (oxytropism). Both gravity
sensing and agravitropic Pisum sativum L. roots reoriented toward oxygen
when grown in a microrhizotron that maintains an oxygen gradient over the
whole range of subambient oxygenation, although the rate of reorientation
declined as oxygen concentrations decreased.
Ground-based experiments to evaluate technologies for growing plants
in space were conducted by comparing root system morphology, ADH activity,
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nutrient content, and general plant growth parameters of Triticum aestivum L.
cv Yecora Rojo and Brassica rapa L. A system that maintains a nutrient
solution inside of a porous hydrophilic ceramic tube was compared with two
passive substrate systems now used for spaceflight research (solidified agargel and phenolic foam media). Plants performed best on the porous tube
because the roots grow on the tube surface in contact with air and nutrient
solution.
Oxygenation is important for normal root function in space, as on earth.
Two obstacles restricting development of plant nutrient delivery technologies
are a limited knowledge of the requirements of plants in space, and an
incomplete understanding of plants in general. Information concerning the
changes in oxygenation during spaceflight should allow scientists and
engineers to address these problems.

vii
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CHAPTER 1

LITERATURE REVIEW:
COMPLETE PLANT GROWTH SYSTEMS IN SPACE

1
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Introduction
On October 4,1957, exploration of outer space began when Sputnik
was launched by the Soviet Union. Today humans have gone to the moon and
have spent extended periods of time in low earth orbit. While these endeavors
are important for research and technological development, they do not fully
satisfy the human thirst for exploration and discovery. This is why manned
missions further out into the solar system, and eventually to other systems, are
being proposed for the next century. Obviously a long term manned mission will
present a significant logistics problem and investigations are currently
underway to begin to address these problems.
The Bioregenerative Life Support System (BLSS) approach is regarded
to be the best strategy for supporting long term human missions within and
beyond our solar system. The Soviet Union began BLSS research in 1965
(Terskov etal., 1986; Salisbury, 1990) and this basic research is being
continued today by the Russian Federation. The National Aeronautics and
Space Administration (NASA) of the United States (US) did not begin research
on an equivalent level until 1985 when, at Kennedy Space Center (KSC), a
large chamber, originally built and used to test the Mercury spacecraft, was
modified to act as a closed system for the development of a BLSS (Salisbury,
1990). NASA refers to its approach as a Controlled Ecological Life Support
System (CELSS) and, like the Russian strategy, it is highly dependent upon the
growth of higher plants for success (Salisbury and Bugbee, 1988).
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The Russian effort in BLSS research corresponds with a great number
of spaceflight plant growth studies. This research was made possible by
access to extended spaceflight and by development of both complete and
incomplete plant growth systems. A complete plant growth system is one which
has an appropriate nutrient and water delivery system, and a lighting system
delivering photosynthetically active light. Other optional capabilities commonly
found in complete systems are temperature, humidity, and atmospheric
composition controls, as well as systems for preventing the build-up of
potentially toxic or inhibitory metabolic by-products. Incomplete systems
typically have a nutrient delivery and/or hydration system, but lack a lighting
system, and are commonly used to study tropic and metabolic changes in
germinating seedlings and young plants.
Despite the amount of research conducted on plants in microgravity,
quite little is known about the root system. While roots have been studied as a
model system for understanding plant gravitropism, very little research has
been conducted to analyze the overall physiological status of the root system.
As a result, the development of nutrient delivery technologies has proceeded
without critical information concerning the requirements of roots in the
spaceflight environment, and spaceflight techniques were developed by ground
based testing.
One major concern in the development of a nutrient delivery system for
use in microgravity is avoiding oxygen deprivation in the rootzone caused by
the lack of directed surface water movement in microgravity. Spaceflight
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exposed plant tissues have been observed to exhibit some signs of hypoxic
stress (Cowles etal., 1984; Krikorian and O’Connor, 1984; Krikorian and
Levine, 1992; Porterfield etal., 1995; Slocum etal., 1984; Sytnik etal., 1983).
The disruption of convective movement of gases (Musgrave et al., 1988) and
liquids by the microgravity environment may lead to unstirred layers or zones of
low oxygen which may induce the hypoxic response observed. Another concern
is that conventional rooting media may tend to keep the roots too wet in
microgravity because the water does not drain without gravity. This may explain
the success of media that maintain a fairly even distribution of water, such as
agar and phenolic foam, in supporting plant growth during short-term shuttle
flights.
Hydroponic techniques are considered to have many advantages for
future spaceflight applications because of the ability to control water
distribution and oxygen availability within a system. In a BLSS system,
hydroponics may reduce water and nutrient utilization, assist rapid crop
turnover, facilitate automation, and have reduced space requirements. The
problem with traditional hydroponic techniques is that it relies on gravity for
solution flow (Halstead and Dutcher, 1984).
Soviet/Russian Space Agency Hardware
The first plant materials carried into space were launched in 1960 on
Sputnik 4 and included Triticum aestivum, Pisum sativum, Zea mays, Allium
cepa, and Nigella damascena seeds (Halstead and Dutcher, 1984).
Subsequent development of complete plant growth systems is classified, by the
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Russians, into three generations based on the goals of the vegetative system,
lifetime of operation, and energy consumption (Mashinski etal., 1983).The
ultimate goal of first generation hardware was to determine whether or not plant
growth was even possible in the spaceflight environment and to provide
psychological comfort to the crew. Such systems were first utilized on the
Salyut stations, which had an operational time of a few years and a total power
output in the range of a few kilowatts. Therefore, the first generation hardware
was limited to power consumption in the tens of watts range and to maximum
weight up to a few kilograms. Second generation systems will be prototypes for
the development of BLSS technologies when problems associated with
microgravity plant cultivation have been worked out. These systems will have
operational lifetimes of months to years, power consumption in the hundreds of
watts, and weights up to a hundred kilograms. The current space station, Mir,
has the capacity to support such a system but to date none has been installed
or reportedly developed. Third generation systems will be functional as a
BLSS, and would constitute an integral part of a spacecraft or station. The
system would have an operational lifetime of that of the spacecraft and would
be designed to facilitate regular maintenance and possible upgrades. Current
estimates of energy consumption would be a few kilowatts, and weights of up to
one ton (Neichitailo and Mashinski, 1993). Present development and
application of plant growth technologies by the Russians fall entirely into the
first generation classification, although plans are probably being developed for
the design of second generation systems.
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Russia's first complete system for cultivation of higher plant was the
Oasis 1 system (Figure 1-1). The workers who designed this hardware named
the system based on the idea of creating an oasis for man in the harshness of
space. This system was incorporated into the first Soviet space station, Salyut
1, and was used to cultivate Brassica capitata, Linum usitatissimum, and Allium
porrum (Smolders, 1973). Illumination was provided by three fluorescent lamps
supplying approximately 50-68 nmol rrf2 s*1. Temperature recording was
included and capable of measuring temperatures in the 0°-50° C +/- 1°C range.
The system was equipped with eight nutrient delivery vessels, each made of an
elastic material and connected to a common water reservoir. Air was separated
from water in the main reservoir by a elastic diaphragm and water was
delivered to the vegetative vessels by increasing the volume of air within the
reservoir. The vegetative vessels comprised a bi-compartment nutrient delivery
system, with the two compartments separated by a hydrophilic elastic
membrane. The lower compartment served as a metering water reservoir and
the upper compartment was filled with an ion exchange resin that was attached
to a cloth and contacted the hydrophilic membrane. The ion exchange resin
served as a storage medium for the plant nutrients and as a support system for
the roots. Oasis 1 was also equipped with a cinematic film system for recording
the progress of the plant growth (Peryshkina et al., 1973). Although the general
capability of Oasis 1 was demonstrated by the crew (Dobrovolsky, Volkov, and
Patsaev) during the Salyut 1 mission, the status of any returned plant material
may be questionable since the Soyuz spacecraft experienced rapid
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Figure 1-1. The Oasis 1 plant growth system used aboard Salyut 1, pictured
with the cinematic recording system (Neichitailo and Mashinski, 1993).
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decompression of the crew compartment, resulting in the death of the three
cosmonauts (Smolders, 1973).
The Oasis 1 system did have some problems with the water metering
system which were addressed in the design of Oasis 1M (Figure 1-2).
Intermediate designs may have existed but, due to major problems with Salyut
2 and Salyut 3, no experiments were conducted until Salyut 4 carried the Oasis
1M system, which was used for two orbital science missions (Merkys et al.,
1976). This system had a totally redesigned nutrient delivery system. The
vegetative vessels were square (surface area = 100 cm2) anCj made of glass
with a myplast plastic plate in the bottom that contacted a water input port. The
vessels were filled with a fibrous ion exchange medium that was pre-charged
with nutrients. The medium was designed to have a high moisture capacity,
while allowing maximum air permeability (Soldatov and Peryshkina, 1985). The
main water reservoir contained a mixture of water and silver ions, presumably
to prolong water storage. This solution was delivered to the bottom of the
vessels through the myplast plate by the action of a hand pump and a metering
valve.
The next version in the Oasis series was Oasis 1AM (Figure 1-3) which
was designed for prolonged use aboard Salyut 6. Modifications included
modularization of the illumination system to allow maintenance, changes in the
vegetative vessels and a modified water delivery system. The vegetative vessel
was equipped with a cloth ion exchange insert mounted to a stiff frame. This
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Figure 1-2. The Oasis 1M plant growth system used for long term plant
cultivation aboard Salyut 4 (Neichitailo and Mashinski, 1993).
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Figure 1-3. The Oasis 1AM plant growth system as flown on Salyut 6
(Neichitailo and Mashinski, 1993).
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was done to address problems encountered with water distribution in the Oasis
1M vessels. The water delivery system worked in a manner analogous to the
Oasis 1M system but was based on a removable Kolos 5D inboard drinking
vessel (Neichitailo and Mashinski, 1993).
Salyut 7 was equipped with the last of the Oasis series to be used in
space. This system was designated Oasis 1A (Figure 1-4), and reportedly
included root zone aeration capabilities, removable vessels which could be
moved closer and further from the lights in response to plant growth, and
ventilation to remove excessive heat and provide for better gas exchange. The
Oasis series has been used to grow numerous types of plants on the Salyut
space stations. The current Oasis system has a lighting system capable of
providing approximately 170-350 pmol m'2 s"1 (Neichitailo and Mashinski,
1993).
Vazon (Figure 1-5), a system designed for cultivation of bulbous plants,
was first carried on Soyuz 12. Vazon is basically a nutrient delivery system and
illumination was presumably obtained from onboard light sources. This system
consisted of an upper part designed to contain the bulb through the action of a
sliding hub and a system of springs, and a lower part which contained a cloth
sack filled with an ion exchange substrate. The roots were allowed to grow into
the substrate through a fibrous material that occupied a hole in the sack. Water
was delivered by an on/off switch operated by a cosmonaut, and was obtained
from the spacecraft's water regeneration system. The Vazon system was also
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Figure 1-4. The Oasis 1A system used aboard Salyut 7 (Neichitailo and
Mashinski, 1993).
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Figure 1-5. The Vazon system disassembled with a bulb (Neichitailo and
Mashinski, 1993).
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equipped with a drain valve for removing excess water. Updated versions of
Vazon were flown aboard Salyut 6, Salyut 7, and Mir (Mashinski et al., 1988).
Another system to fly aboard Salyut 6 was the Malachite device (Figure
1-6). This system was designed for the sole purpose of ornamental plant
culture to provide psychological comfort to the cosmonauts in the interior of the
space station. This system was equipped with four planting boxes containing
an ion exchange resin, a water supply system, and an illumination source.
Orchids were taken to the station in blossom in this system but the blossoms
fell off before flowering (Mashinski etal., 1988).
Svetoblok (Figure 1-7) is a small cultivation system originally designed
to be mounted under illumination sources of the Salyut 7 space station. A
cylindrical clear plastic growing chamber, equipped with an agar based nutrient
delivery system, could be removed from the mounting bracket and returned to
earth, usually by riding on the lap of a cosmonaut in the Soyuz spacecraft.
Updated versions of the Svetoblok were equipped with an independent
fluorescent light source and with other nutrient substrates, which were watered
through the action of the Oasis water delivery system. The sterile cultivation of
plants in the Svetoblok is considered to be its strong point, and is attributed to
the success of the system in producing flowers for the first time in space during
a 65 day experiment aboard Salyut 7. A 1.5% agar medium was used for this
experiment and no viable seed production was achieved in the experiment due
to the "regenerative nature" of the flowers resulting from the spaceflight
exposure (Kordyum etal., 1983).
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Figure 1-6. A cosmonaut working with a crop of ornamental plants in the
Malachite device.
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Figure 1-7. The Svetoblok shown with optional independent illumination source
(Neichitailo and Mashinski, 1993).
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In response to the Svetoblok experiments, the Phyton system (Figure 18) was designed to perform seed to seed experiments. This device was
equipped with five removable glass cylinders which contained a 1.5% agar
nutrient medium. An automatic seed sowing apparatus allowed seed planting to
occur while in orbit. Ventilation of the vegetative chamber occurred through a
system of openings that were covered with a bacterial filter (Laurinavichyus et
al., 1984), and a separate illumination source was mounted on top of the
chamber (Merkys and Laurinavichyus, 1990). A complete seed to seed
experimental cycle was reported to have been achieved aboard Salyut 7 using
this system.
The research greenhouse Svet (Figure 1-9) is now being used aboard
the Mir space station and has been recently upgraded as a part of a RussianUS cooperative experiment primarily involving scientists from the Institute of
Medical-Biological problems in Moscow and Utah State University. This
upgrade included an improved fluorescent lighting system which has doubled
the original light output levels to approximately 500 p.mol m'2 s'1PAR. The
system was also modified by the addition of the Gas Exchange Monitoring
System (GEMS). The GEMS system adds gas analysis and data storage
capabilities to the Svet system, as well as advanced environmental controls
(Bingham et al., 1995). The Svet unit has a cultivation area of 0.1 m2. The
system can maintain static air temperature in the vegetative chamber and can
control root-zone substrate moisture levels through a system of water and
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Figure 1-8. The Phyton device with four tubes of the sowing machine shown
(Neichitailo and Mashinski, 1993).
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Figure 1-9. The Russian Svet greenhouse shown with computer control system
(Neichitailo and Mashinski, 1993).
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humidity sensors. Moisture is delivered to the rootzone ion exchange substrate
through a porous polyethylene tube embedded in a zeolite based ion exchange
matrix. With the Russian/US joint investigations aboard Mir using Svet, this
system has come under close scrutiny by NASA. In fact, a replica of the Svet
unit has been built and studied at the Kennedy Space Center Plant Space
Biology Laboratory (Chertirkin et al., 1994).
At this time development and design of new plant growth hardware in the
Russian space program are not known. The current social and political
conditions in the modem Russian Federation are not conducive to the
expansion of the space program. In fact, newly devised systems, such as the
Buran space shuttle, have been canceled after successful development due to
a crippling lack of resources. Given this environment, it is unlikely funds have
been allocated to the design of systems that cannot be built.
United States / NASA Hardware
In 1967 Biosatellite II earned the first complete plant growth system used
during spaceflight. This system was designed to perform an experiment which
tested the mode of geotropic reaction in the pepper plant Capsicum annuum.
The plants were grown in a non-toxic hydrocarbon polymer derived foam which
was closed into plastic cylinders equipped with lids sealed in place by RTV ce
ment. Distilled water, sufficient for 10 days of growth, was added to the
substrate prior to loading aboard the Delta rocket which carried the satellite
into low earth orbit. There were four plants flown and they were photographed
and illuminated in flight through a series of mirrors. Lighting was provided by
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four 15 watt incandescent lamps which produced 36 pmol m'2 s"1of light in 5
second bursts that occurred every 10 minutes. The hardware was designed for
a 10 day flight but the satellite only flew for 45 hours due to technical problems.
Temperature and humidity were recorded during flight and downloaded to earth
telemetrically (Johnson and Tibbitts, 1968). This system was primarily designed
to maintain plants for the study of tropic responses, and not to support full
photosynthetic growth. Sadly, the United States’ Biosatellite program was
canceled and further development of complete spaceflight systems would have
to wait until the 1980’s and the Space Shuttle program.
In 1982, the third Space Shuttle flight (STS-3) was the maiden voyage of
the Plant Growth Unit (PGU) which was used to perform an experiment that
examined seedling growth and lignification in microgravity (Cowles et al.,
1984). The PGU has been the workhorse of American-based spaceflight plant
growth studies for over ten years and, despite limitations, has been very
successful. The PGU (Figure 1-10) was designed and built to fit into a mid
deck locker by Lockheed and NASA-Ames Research Center. The overall
dimensions of the PGU are 51 x 36 x 27 cm (L x W x H), and it consists of
support components and an open area designed to accommodate up to six
Plant Growth Chambers (PGC). Each PGC (Figure 1-11), contains an
approximate 2 liter air-tight volume, and is composed of an anodized aluminum
alloy base and a Lexan top fitted together by screws and a rubber gasket.
Lighting is supplied by three 15 watt fluorescent light bulbs (Vita-Lite spectrum)
which provides a light intensity of approximately 50-75 pmol m‘2 s'1to the
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Figure 1-10. The Plant Growth Unit shown with a Plant Growth C h a m b e r.
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Figure 1-11. The PGC shown disassembled with sandwiched urethane foam
and miracloth nutrient delivery system (Cowles etal., 1984).
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middle 4 chambers and approximately 30-48 nmol m'2 s'1to the two outer PGCs
. Each PGC is equipped with a thermistor probe and two gas sampling ports.
The PGU is also equipped with a timer for the lighting system, temperature
sensors, electronically controlled fans, a heater, a data acquisition system, and
internal batteries (Cowles etal., 1984). In addition, the PGU may be equipped
with an Air Exchange System (AES) at the expense of one PGC. In this
configuration four of the PGCs are also equipped with a gas inlet and outlet
port while the fifth remains closed (Kuang et al., 1996). The PGC bases have
been equipped with various different types of nutrient delivery systems
including systems composed of sandwiched urethane foam and Miracloth over
an agar slab (Cowles et al., 1984), phenolic horticultural foam equipped with
Nitex envelopes (Levine and Krikorian, 1992), and agar (Porterfield etal.,
1995).
Early in the career of the PGU it became evident to researchers that this
system was not adequate at achieving the level of plant growth support
desired. The Plant Growth Facility(PGF), currently being developed by A. D.
Little Inc., was built to address some of the weaknesses of the PGU. Being a
middeck locker housed system, the PGF has the exact same dimensions as the
PGU and can accommodate 6 PGCs, but has improved lighting and
atmospheric control systems. The lighting system is being designed to supply a
minimum of 220 |imol m‘2 s‘1of illumination. The atmospheric systems will
control humidity, CO2 , and temperature 5°C +/- ambient, and will include filters
for removing ethylene. The PGF II has not been flight certified by NASA and is
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currently undergoing further modifications, including the design of new PGCs
with an improved ventilation system (Chapman etal., 1995).
Newer developments by US supported researchers are based on the
application of new hydroponic and lighting technologies. These systems are
state of the art and are prototype technologies that will take CELSS and plant
space research into the next century. The Astroculture system, designed and
built by the Wisconsin Center for Space Automation and Robotics (WCSAR),
has a nutrient delivery system that is conceptually similar to the Svet system. It
is composed of a series of porous stainless steel tubes embedded in a matrix
of nutrient charged zeolite granules. Water is held in the tubes under a slight
negative pressure (-490 Pa) and is delivered to the plant roots in the zeoponic
matrix by capillary action. This system also includes capabilities for controlling
the plant chamber humidity by regulating the temperature of water circulating
under negative pressure inside of a porous tube. This tube is exposed to the
plant growth chamber air and can measure the recovered plant transplant. In
addition, the lighting system of the Astroculture system represents a departure
from traditional techniques. Recently developed high intensity light emitting
diode (LED) technology has allowed this system to achieve some of the highest
light intensities to power consumption ratios seen in a system used during
spaceflight application (Morrow, 1993). The Astroculture system was used to
grow plants for the first time in spaceflight in February, 1995 on board the
Space shuttle mission STS-63 (Morrow etal., 1995).
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The Microgravity Plant Nutrient Experiment (MPNE) being developed at
the Plant Space Biology Laboratory at KSC and managed by the Ames
Research Center (ARC) also represents the application of new technologies
for plant growth in microgravity. The MPNE nutrient delivery system is based
on the porous tube nutrient delivery system, which uses hydrophilic ceramic
tubes to contain and deliver hydroponic nutrient solutions to the roots. The
amount of nutrient solution available to the roots may be measured by a Water
Availability Sensor (WAS) that functions through infrared technology. A syringe
filled with the nutrient solution can apply positive or negative pressure to the
porous tube solution loop through the action of a WAS controlled stepper
motor. Unlike the Svet and Astroculture systems, the porous tubes are not
embedded in any matrix material and the roots are allowed to grow along the
surface of the tubes themselves. Chamber humidity control is achieved by
regulating the temperature of the nutrient solution in the porous tubes. Like the
Astroculture system, the lighting system of MPNE utilizes high intensity LEDs.
The shortcoming of using LED technology is the restricted available spectrum,
but mixtures of red and blue LEDs seem, to some extent, to alleviate this
problem (Dreschel etal., 1994).
The Plant Research Unit (PRU) is being developed by Lockheed Martin
at ARC as a part of the Space Station Biological Research Project (SSBRP).
The PRU is being designed to support long-duration seed-to-seed plant growth
experiments for up to 90 days aboard the International Space Station (ISS).
The PRU is being built by incorporating many of the subsystems originally
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developed for Astroculture and MPNE. The system may be equipped with LED
lighting technology, and a modular nutrient delivery system capable of utilizing
either the Astroculture or MPNE nutrient delivery technologies. The PRU will
also have advanced atmospheric control systems (Turner etal., 1995).
Investigators of space plant biology in the US are now experiencing a
new era of increased support with the building of the ISS. With the knowledge
gained through Space Shuttle flight experiments, these researchers are poised
to apply newly advancing technologies to the problems associated with
spaceflight plant cultivation.
European Space Agency Hardware
As of this writing, no complete system originating from ESA has been
used in a spaceflight experiment, although the Botany Facility (BF) was built for
such a purpose. The BF system was originally scheduled to fly aboard the first
European Retrievable Carrier (EURECA) mission but was canceled. EURECA
was to be a Space Shuttle launched and retrieved satellite operational at a 525
km orbit for up to six months. The BF is an oil-drum sized system capable of
performing an inflight 1g control. The basic plant growth module is referred to
as a cuvette (Figure 1-12). Each cuvette (50 x 50 x 150 mm) has its own
independent environment in which nutrients, water, temperature, carbon
dioxide, oxygen, humidity, and ethylene levels are controlled. Each cuvette is
also equipped with a fluorescent lamp delivering 34 nmol m'2 s‘1 PAR to the
base of the cuvette. Two basic designs of the cuvette exist, originating from
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Figure 1-12. ESA Botany facility cuvette designed and built by Dornier (Briarty.
1989).
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different contractors and accomplishing environmental control by different
approaches. Both designs allow the grouping of 18 cuvettes for microgravity
ESA is currently considering developing a complete plant growth system for the
ISS.
Discussion
A great deal of spaceflight plant growth hardware research was
conducted by the former Soviet Union and this research is being continued by
the modern Russian Federation. This effort has resulted in the development of
many plant growth systems, like the Svet, which is being used for long term
plant growth studies on board Mir. NASA’s Space Shuttle based research
program has relied on a single piece of hardware, the PGU. The limitations of
the PGU are being addressed by the application of new advanced technologies
to the problem of developing spaceflight plant growth systems. The
development of new hardware systems for the Space Shuttle is leading to the
development of the PRU which will have long term plant growth capabilities on
the ISS and should represent the state of the art in advanced plant growth
systems. ESA has invested a great deal of effort in the design of plant growth
systems, and this is likely to come to fruition when the ISS is built.
There are two major obstacles standing in the way of the development of
any plant growth system. These are the power and space limitations imposed
by the spaceflight platform and our limited knowledge of the requirements of
plants within this unique environment. Future collaborations between ESA, the
Russian Federation, Ukraine, and the US promise to issue forth a new era of
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global cooperation in space exploration and development of plant growth
systems for CELSS/BLSS application. Indeed, in the future it may become
evident that such an alliance of the world community is what it takes to adapt to
the challenges of the next century.
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CHAPTER 2

SPACEFLIGHT EXPOSURE EFFECTS ON TRANSCRIPTION, ACTIVITY,
AND LOCALIZATION OF ALCOHOL DEHYDROGENASE IN THE ROOTS OF
ARABIDOPSIS THALIANA
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Introduction
Roots have been studied during microgravity exposure as a model
system for understanding plant gravitropism, but knowledge of the overall
physiological status of the root system in this environment is limited. Having
evolved on earth, plants are presumably dependent on gravity-mediated
behavior of fluids and gases for normal physiological function (Todd, 1989).
This may explain why spaceflight exposed plant tissues have been observed to
exhibit some signs of hypoxic stress (Cowles etal., 1984; Krikorian and
O'Connor, 1984; Krikorian and Levine, 1992; Perbal and Driss-Ecole, 1993;
Slocum etal., 1984; Sytnik etal., 1983). The disruption of convective
movement of gases and liquids by the microgravity environment may lead to
the production of zones of depleted gases (Musgrave et al., 1988) or liquids
which might induce a hypoxic response in the tissues of plants.
The lack of research in this area has resulted in the development of
nutrient delivery technologies without critical information concerning the
requirements of roots in the spaceflight environment. Development of plant
nutrient delivery systems, optimized for spaceflight application, is critical for
implementation of bioregenerative life support systems relying on the growth of
higher plants for water purification, atmospheric conditioning, nutrient recycling,
and food production. The spaceflight environment is unique, and new
approaches are required to utilize traditional hydroponic techniques in a
weightless environment. Conventional rooting media may tend to keep the
roots too wet in microgravity because water does not drain without the gravity
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vector. This may explain the success of media that maintain a fairly even
distribution of water throughout, such as agar (Kordyum etal., 1983; Heyenga,
1994; Kuang etal., 1995) and phenolic foam (Krikorian and Levine, 1992;
Levine and Krikorian, 1992), in supporting plant growth during short-term
shuttle flights. Several more advanced systems are currently being either
tested or developed for long term use (Dreschel et al., 1994; Morrow et al.,
1995; Turner et al., 1995), and evaluation of root function in these new systems
will be critical to their acceptance by the scientific community.
We had the opportunity to examine root physiology for hypoxic
responses in detail during two space shuttle flight experiments (CHROMEX-03
and 05). For these experiments, we quantified the effects of microgravity on
rootzone oxygenation and on an enzyme (ADH) within the plant that is
sensitive to hypoxia. Using electron microscopy, we examined the root
specimens for the appearance of anatomical features associated with changes
in rootzone oxygenation. For the CHROMEX-05 spaceflight experiment we
examined expression of the ADH gene as well as tissue and ultrastructural
localization of hypoxic responses in the spaceflight material.
Materials And Methods
ADH Response
Arabidopsis thaliana (L.) Heynh var. 'Columbia' plants were seeded and
grown in coupled Magenta vessels (Magenta Corp., Chicago, IL) under a 300
pmol m'2 s'1 PAR light source, as described by Kuang et al. (1995). At thirteen
days, the plants were placed under a 50-60 pmol nrf2 s'1 PAR light source.
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When the plants were fourteen days old, they were connected to compressed
gas sources and exposed to various oxygen concentrations. Six days later,
plants were removed from the experimental atmospheres and analyzed for
redox potential and ADH activity as described below for CHROMEX-03. For
each run, temperature and relative humidity were monitored (Crispi etal.,
1996).
CHROMEX-03
Arabidopsis thaliana (L.) Heynh. seeds were surface sterilized and
planted on a 0.6% agar-solidified nutrient medium and grown for 14 days in
magenta vessels before either being launched aboard the space shuttle
Endeavour (STS-54) for a 6 day flight experiment (CHROMEX-03), or initiation
of the ground control. Both the flight experiment and ground control were
performed using six Plant Growth Chambers (PGCs), configured according to
Figure 2-1, which were mounted inside the Plant Growth Unit (PGU). The PGU
was housed in a mid-deck locker of the orbiter Endeavour during the
spaceflight until the plant materials were retrieved 3 hours after landing. The
control plants were grown in an identical PGU that was maintained in an
environmental growth chamber. This growth chamber was computer controlled
and set according to data that was transmitted from the Space Shuttle. This
effectively reproduced all aspects of the space flight environment except
microgravity. For complete details of plant cultivation methods and
environmental conditions refer to Kuang etal., 1995.
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Upon landing, one root mass per PGC, taken in transect from the PGU
for electron microscopy, was immediately fixed at room temperature for 4 hours
in 0.1 M Na cacodylate buffer containing 2.5% glutaraldehyde and 1% acrolein.
This was followed by osmium tetroxide fixation at 4°C overnight and ethanol
dehydration. During the 70% ethanol stage, several root tips were excised, and
both the root tips and the remaining root mass were transferred into an 80%
ethanol solution containing 2% uranyl acetate and held at 4°C for the trip back
to the home lab. A needle-tipped platinum calomel redox probe (Sargent
Welch, S-30101-15) was inserted into the 30 remaining tubes to measure the
redox potential of the agar nutrient medium. The plant roots were then carefully
washed out of the agar and frozen in liquid nitrogen.
At the home laboratory, the ethanol dehydration of the electron
microscopy samples was continued and the root tip samples were
subsequently embedded in hard grade L.R. White resin. These samples were
then sectioned, post stained with lead citrate, and viewed with a JEOL JEM
100CX transmission electron microscope (Peabody, MA). The frozen root
samples from each PGC were ground in Tris buffer (pH 6.8) containing 1mM
dithiothreitol and 10% (w/v) polyvinylpyrrolidone (MW 40,000) and centrifuged
at 26,000 g for 15 minutes at 4°C. The resulting supernatant solutions were
analyzed for soluble protein levels by a modified Lowry procedure (Markwell et
al., 1978) and for alcohol dehydrogenase (ADH) activity by the
spectrophotometric measurement of NADH oxidation at 339 nm (Daugherty and
Musgrave, 1994). All ground control materials were processed identically to the
flight materials, as described above.
The resulting data were analyzed using one-way ANOVA and/or by the
standard error of the means (a=0.05) using the statistical analysis tools add-in
component of Microsoft Excel (Redmond, WA).
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CHROMEX-05
In October of 1995 CHROMEX-05 flew aboard STS-68 on Endeavour
during an 11 day mission. During this experiment the PGU was equipped with
an air exchange system (AES) which took the place of the sixth PGC within the
PGU. The AES allows the exchange of air between the PGCs and the shuttle
cabin air. Of the five PGCs flown for the experiment four were configured for
cabin air exchange by way of the AES, while the fifth PGC was closed. The
experimental and control PGUs were maintained as during the CHROMEX-03
experiment so that all environmental parameters were identical except for
gravity. For a complete description of plant growth methods and environmental
conditions refer to Kuang etal. (1996). Analytical methods used for
CHROMEX-03 were implemented in this experiment with the addition of two
procedures. A cytological staining method was adapted to visualize ADH
activity within the root, and ADH mRNA levels were quantified by ribonuclease
protection assay (RPA). Within 3 hours of landing the plant materials were
initially processed according to CHROMEX-03 procedures.
The five root mass samples were divided in half and either fixed for
electron microscopy according to CHROMEX-03 protocols or exposed to a
cytochemical staining reagent designed to localize ADH activity. The
cytological staining method is a modification of the procedure used by
Gershenzon etal. (1989) and allows visualization by both TEM and light
microscopy. Prior to fixation, root tip subsamples were taken and incubated at
40°C for 1 hour in a medium which produces the blue-colored reaction products
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(3mM MgCl2, 1% sucrose, 0.6 mM p-nitro-tetrazolium blue, 1 mM phenazine
methosulfate, 0.5 mM NADP, 2% polyvinylpyrrolidone 360K, 0.01 % Tween 20,
0.5mM EtOH, in 20|iM Na cacodylic acid buffer at pH 7.4). The staining occurs
as a result of the reduction of p-nitro-tetrazolium blue by NADPH produced as a
by-product of the conversion of ethanol to acetaldehyde by ADH. These
stained root samples were photographed before fixation and processing for
TEM along with the other root samples.
The frozen samples were homogenized using a Micromincer apparatus
(Biospec products, Bartlesville, OK) that was prechilled to -20°C. The
homogenate was extruded into a microcentrifuge tube and a 30 (il subsample
was taken for total RNA isolation (Totally RNA, Ambion, Austin, TX). ADH
mRNA levels were quantified by RPA (RPA II, Ambion Corporation, Austin, TX).
The remaining homogenized sample was subjected to ADH assay following the
addition of grinding buffer and centrifugation according to CHROMEX-03
protocols.
An RNA probe was constructed around a 484 bp exon within the ADH
gene occurring between +1560 and +2044 (Chang and Meyerowitz, 1986). The
procedure first involved extraction of Arabidopsis genomic DNA as described
by Brunei (1992), by placing a single whole plant in a microcentrifuge tube and
manually crushing the plant in the presence of grinding buffer (50 mM Tris HCI,
20 mM EDTA, 1% Sarkosyl, 1mg/ml Proteinase K, pH=8.0). A portion of the
homogenate was then removed to another clean microcentrifuge tube and
mixed 1:1 (v:v) with 2% low melting point agarose. The resulting solution was
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allowed to solidify before being dialyzed against water changed three times at
30 minute intervals, and once overnight. For polymerase chain reaction (PCR)
the agar was then remelted and 2fil was added to 23 pi of PCR reaction
solution (50 mM KCI, 10 mM Tris-HCI, 0.1% Triton X-100, 2mM MgCl2, 0.3 pM
upstream primer, 0.3 pM downstream primer, 0.14 pm each dNTP, 0.65 units
Taq) in a microcentrifuge tube and overlaid with 3 drops of glycerol (Mullis and
Faloona, 1987). By using PCR primers, appended by flanking phage
promoters, (Stoflet et al., 1988) it was possible to use the amplified DNA
fragment directly in an in vitro transcription reaction to produce the RNA probe.
The T7 phage promoter was incorporated into the upstream primer to act as a
sense promoter and the SP6 promoter was incorporated into the downstream
primer to act as an antisense probe promoter (Schenborn and Mierindorf,
1985). Amplification conditions (95°C for 5 min., 94°C for 30 sec., 45°C for 30
sec., and 72°C for 2 min.) were repeated for 40 cycles (Mullis and Faloona,
1987; Stoflet et al., 1988), followed by visualization of the PCR product by gel
electrophoresis (1.5% agarose gel, 1x TBE buffer at 80 volts for 1 hour).
Competent biotinylated probes were produced by in vitro transcription of the
PCR product using the SP6 polymerase included in the BrightStar BiotinScript
in vitro transcription kit (Ambion, Austin TX).
The RPA product was separated on a 5% polyacrylimide gel
(acrylamide: bis acrylamide = 19:1) containing 8M urea at 350 V for 2 hours in
1X TBE buffer. The gel was then electroblotted to a membrane (BrightStarPlus, Ambion, Austin, TX) in 0.5X TBE (80 V for 3 hours), followed by UV
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crosslinking (120 mJ/cm2). The bands were then visualized using non-isotopic
detection (BrightStar BioDetect, Ambion, Austin,TX) and exposure to x-ray film
overnight. The bands were quantitatively compared by video densitometry
(Model 620, Biorad, Hercules, CA).
The CHROMEX-05 data were analyzed using one-way ANOVA and/or
by the standard error of the means (a=0.05) using the statistical analysis tools
add-in component of Microsoft Excel (Redmond, WA).
Results
The agar nutrient medium utilized in these experiments, although
hypoxic compared to a soilless potting mix commonly used to grow plants
(Table 2-1), had the advantages of making root extraction easy and of
providing an uniform substrate in which oxygen availability could be measured
(as redox potential). When the oxygen content of the air around tubes
containing plants growing in agar medium was reduced, agar redox potential
dropped as well (Table 2-1). Roots extracted from the agar medium showed an
increase in ADH activity which correlated with the decrease in redox potential
(^=0.98) (Table 2-1). We used this well-characterized system to observe how
the spaceflight environment affected both the oxygenation of the agar medium
and the ADH response.
In both spaceflight experiments, ADH activity was 89% greater
in the spaceflight material relative to the ground controls (Table 2-2). This
finding was corroborated by a higher amount of ADH mRNA in the spaceflight
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Table 2-1. The relationship between root media redox potential and ADH
activity in Arabidopsis thaliana plants grown under different oxygen
concentrations.
% Oxygen
ADH activity
Root Media
SE
Redox Potential
SE
(1 O'3 Unit)
(mV)
68.5
625.1
Soil1
21
2.8
13.8
154.5
7.4
359.5
Agar2
2.5
21
Agar
18.25
232.1
8.4
360.2
3.3
Agar
14.5
320.2
10.4
352.7
2.9
348.6
11.5
Agar
11.5
347.7
9.1
645.9
13.9
333.6
Agar
5.6
6.4
1Plants were grown on a peat-vermicuiite artificial soil medium, with a slow
release fertilizer.
2Plants were grown according to CHROMEX-03 protocols for the first 14 days
then exposed to atmospheres containing various oxygen concentrations for 6
days.__________________________________________________________
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Table 2-2. Effects of spaceflight exposure on agar medium redox and ADH
activity in the roots of Arabidopsis. CHROMEX-03 received 6 days of
spaceflight exposure and CHROMEX-05 received 11 days of spaceflight
exposure. SF = spaceflight, GC = ground control.
CHROMEX-03
CHROMEX-05
SF
GC
SF
GC
Redox Potential
340 ±2.8*
310 ±2.2
(mV)
387 ±1.1*1,2
366 ±1.7
ADH activity
(10-3 Unit)

324 5 ±17-9*

1719 ±24 6

343.7 ±20.3*

181.3 ±25.3

1Results are ± SE.
2Asterisk denotes SF sample is statistically different from the GC sample as
determined by t-test (a=0.05).
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material as quantified by densitometry of chemiluminescence-detected RPA
products (Figure 2-2). Cytochemical localization revealed that the ADH activity
was associated with the root tip, from the apical meristem proximally up to the
zone of elongation, in both the spaceflight and ground control tissue (Figure 23). Within the cells, TEM revealed ADH activity was associated primarily with
the plasma membrane, regardless of tissue source (Figure 2-4). Contrary to the
expected results based on the data in Table 2-1, redox potential was slightly
but significantly higher in the spaceflight material in both experiments (Table 22). Also in both experiments, root fresh weight contributed more to the total in
the spaceflight material than in the ground control (Table 2-3). The difference
in spaceflight and ground control was especially pronounced in the
CHROMEX-03 experiment in which the spaceflight roots had over twice the
fresh weight of the ground control. Root anatomy reflected this difference
(Figure 2-5), with the spaceflight root tips exhibiting large vacuoles. Soluble
protein extracted from these roots was also lower (1.73 ± 0.06 pg/mg) than the
ground controls (5.09 ±0.13 pg/mg), however these differences in root
anatomy and protein content were not observed in the CHROMEX-05 material
when the AES was used.
Discussion
The space program has provided access to a unique research
environment where microgravity exposure can be studied. Plant life, having
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SPACEFLIGHT

CONTROL

Figure 2-2. The effect of spaceflight exposure on the accumulation of ADH
transcripts in the roots of Arabidopsis during CHROMEX-05. Total RNA
concentrations were 4.42±0.10 ng mg'1 F.W. and 4.37±0.15 ng mg'1 F.W. for
the ground control and spaceflight plants respectively. RPA of total RNA (10
pg/lane) using a 484 bp biotinylated in vitro transcription product as a probe.
Lane designations represent the PGC numbers. Lanes M represents molecular
weight markers. Average densitometry readings were 7.923 OD/mm for
spaceflight and 3.355 OD/mm for ground control.
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Figure 2-3. Light microscopy of cytochemical ADH localization in CHROMEX05 spaceflight (A) and control (B) roots. Blue color denotes ADH activity.
Technical control (C) shows no blue staining when ADH enzyme reaction is
reversed.
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Figure 2-4. TEM comparisons of CHROMEX-05 ultrastructural ADH
cytochemical localization in control (A) and spaceflight (B) root tips. Note the
membrane-associated staining product (arrowheads) in control and the
spaceflight root cells. cw= cell wall, mi= middle lamellae, n = nucleus, v =
vacuole.
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Table 2-3. Fresh weight distribution in spaceflight and control plants.
CHROMEX-03 results are based on 6 plants per sample, n=6. CHROMEX-05
results are based on 6 plants per sample, n=5. CHROMEX-03 received 6 days
of spaceflight exposure and CHROMEX-05 received 11 days of spaceflight
exposure. SF = spaceflight, GC = ground control._______________________
CHROMEX-03
CHROMEX-05
SF
GC
SF
GC
Leaf
252.5 ±6.1'
224.0 ±16.4
584.2 ± 28.7*
470.4 ± 20.2
(mg)
Stems
(mg)

86.0 ± 6.4

78.3 ± 3.6

862.2 ± 164.3

759.6 ±137.6

Roots
(mg)

123.2 ± 14.5*2

56.3 ± 6.76

455.4 ±113.6*

286.2 ± 54.9

Total
(mg)

470.7 ± 17.3*

359.6 ±16.3

1901.7 ±222.3*

1516.2 ±118.7

Root
0.237 ± 0.047
Shoot 0.364 ± 0.034* 0.186 ±0.022
0.315 ±0.040*
Ratio3
'Results are ± SE.
Asterisk denotes SF sample is statistically different from the GC sample as
determined by t-test (a=0.05).
3Root shoot ratio calculated by dividing the root fresh weight by the sum of the
leaf and stem fresh weights._____________________________________
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Figure 2-5. TEM comparisons of CHROMEX-03 longitudinal sections of ground
control (a) and spaceflight (b) root tips (bar = 10p.m), and ultrastructure of
ground control (c) and spaceflight (d) longitudinal sections at the apex (small
arrows; bar = 5(im). Note the differences in vacuole size of the root cap and
meristem cells (arrowheads) in ground control and the spaceflight roots, ml =
mucigel layer, n = nucleus, re = rootcap cell, v = vacuole.
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evolved on earth, is presumably dependent on gravity-mediated physical
processes, such as buoyancy-driven convection, particle sedimentation,
isothermal settling, diffusion, surface tension, and particle streaming for normal
physiological function (Todd, 1989). Previous reports of plants exposed to
microgravity during spaceflight described general signs of poor health
(Halstead and Dutcher, 1984; 1987) most likely caused by the disruption of
these gravity dependent physical processes. Specific aberrations induced by
microgravity suggest that there were changes in metabolism associated with
reduced oxygen availability. At the ultrastructural level, modifications in
mitochondrial shape and size were noted by others (Rubin etal., 1980;
Tairbekov etal., 1980; Slocum etal., 1984; Moore, 1990; Podlutsky, 1992;
Rasmussen etal., 1992; Kordyum, 1994; Laurinavicius et al., 1994) along with
a general decrease in amyloplast starch reserves (Volkman etal. 1986; Moore,
1990; Podlutsky, 1992; Rasmussen etal., 1992; Kordyum, 1994; Laurinavicius
et al., 1994). The observations of changes in amyloplast starch reserves are
supported by research showing that total tissue starch was significantly
reduced in space (Brown etal., 1993). Both changes in mitochondrial
ultrastructure (Oliveira, 1977) and decreases in tissue starch reserves (Hanson
and Jacobsen, 1984; Humg and Kao, 1993; Guglielminetti etal. 1995) have
been reported to occur as a result of exposure to low oxygen environments.
The overall root system morphology has been shown to change in
microgravity with diminished root growth resulting from primary root inhibition
(Darbelley etal., 1986; Grif et al., 1988; Levine and Krikorian, 1992) and
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reduction in mitotic cell division (Krikorian and O’Connor, 1984; Slocum etal.,
1984; Levine etal. 1990; Krikorian and Levine, 1992; Laurinavicius etal.,
1994). Since past research showed that roots are shorter and thicker under
oxygen limited conditions (Linger and Danielson, 1965; Waddington and Baker,
1965), these morphological differences may be related to reduced levels of
oxygen. The rate of mitotic cell division may be affected by an elevated level of
chromosomal damage (Levine and Krikorian, 1990; Krikorian and Levine,
1992) which could result either from an increased incidence of chromosomal
damage, or a decrease in chromosomal repair. While the radiation levels were
not high enough to be considered a significant factor in inducing chromosomal
damage in these past experiments (Krikorian and Levine, 1992), repair of
single stranded DNA breaks has been shown to be negatively affected by
hypoxic conditions (Koch and Painter, 1975).
Many of the reports reviewed above have evoked changes in water
distribution and attendant hypoxia in microgravity as reasons for their results,
but our experiments have been the first to attempt to characterize the changes
in rootzone oxygenation caused by spaceflight. The growing system we
developed allowed oxygenation measurements on individual root systems and
quantification of ADH activity in well-replicated samples despite the small
amounts of tissue available.
Although ADH can be induced by other environmental stimuli (Naidoo et
al., 1992; Russell and Sachs, 1992; Jarillo etal., 1993; Dolferus etal., 1994) in
addition to the response to hypoxia documented in Table 2-1, in our system,
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the control treatment plants were exposed to the same regimen of temperature
light, and outside gas composition as was experienced during spaceflight on
the orbiter. Both experiments found an 89% elevation of ADH activity in the
spaceflight material compared to the ground controls (Table 2-2). This finding
was supported by the increase in ADH mRNA (Figure 2-2). The fact that ADH
activity localization, both at the whole tissue and ultrastructural level, showed
identical results in the spaceflight and control material is further evidence that
increased ADH activity is indicative of increased hypoxia, as opposed to some
other environmental stimulus. Relating our spaceflight results back to groundbased experiments with altered oxygen availability (Table 2-1), the 89%
increase in ADH activity would be expected to correspond to a 28% decrease
in oxygen availability in the agar medium.
This prediction was not supported by the data on redox potential (Table
2-2) which showed that in both spaceflight experiments, redox potential was
higher than in the ground control. The geometry of our system is such that the
redox probe (2.5 mm wide) is measuring redox potential a short distance (>0.5
cm) distance away from the fine Arabidopsis roots. Gas movement is limited to
slow diffusion in microgravity because of the absence of gravity-driven
processes like convection (Papazian and Mason 1989). The higher redox
potential readings of the bulk agar in the spaceflight material may be a
consequence of impaired gas movement to re-supply oxygen consumed at the
root surface. This would result in a less oxygenated zone immediately around

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

54

the root, (Armstrong etal., 1991) which would have been too small to measure
with our electrode.
Despite the overall similarity of CHROMEX-03 and CHROMEX-05 in
these root oxygenation studies, the experiments gave very different results in
the above-ground portion of the plant where reproductive development was
being studied (Kuang etal., 1995; 96). The use of the AES in CHROMEX-05
made possible reproductive development in microgravity that had been
impaired in earlier studies, possibly due to lack of convective air movement.
We suspect that the differences in root anatomy noted in Figure 2-5 were
related either to impedance of transpiration in the CHROMEX-03 flight material,
or simply to the longer duration experiment and more vigorous growth which
occurred in CHROMEX-05. In either case, since the anatomical observations
were not repeated in the CHROMEX- 05 experiment, the excessive vacuolation
is evidently not related to rootzone hypoxia in this system.
These results show how important gravity mediated physical processes
are to the maintenance of normal physiological function in plants. Specifically,
these results give strong evidence that the spaceflight environment may cause
a given rooting matrix to provide a lower level of root oxygenation relative to its
performance on earth. Documentation of such effects is an important step
towards understanding the spaceflight environment and developing controlled
plant growth systems for long term studies on the space station.
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CHAPTER 3

GROUND BASED EXPERIMENTS ON SPACEFLIGHT EFFECTS I:
METABOLIC RESPONSES OF ARABIDOPSIS TO ALTERED
ATMOSPHERES
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Introduction
Biological systems evolved on earth and are dependent upon gravity
mediated physical processes, such as buoyancy driven convection, particle
sedimentation, isothermal settling diffusion, surface tension, and particle
streaming for normal physiological function (Todd, 1989). Today with access to
spaceflight based research, scientists can now investigate the effects of
microgravity exposure on plants. Plants exposed to microgravity during
spaceflight have been reported to show general signs of poor health (Halstead
and Dutcher, 1984; 1987) most likely due to the disruption of these gravity
dependent physical processes. Specific spaceflight induced aberrations
suggest changes in metabolism associated with reduced oxygen and carbon
dioxide availability. At the ultrastructural level modifications in mitochondrial
shape and size have been noted (Rubin etal., 1980; Tairbekov etal., 1980;
Slocum et al., 1984; Moore, 1990; Podlutsky, 1992; Rasmussen etal., 1992;
Kordyum, 1994; Laurinavicius etal., 1994) along with a general decrease in
amyloplast starch reserves (Volkman etal., 1986; Moore, 1990; Podlutsky,
1992; Rasmussen etal., 1992; Kordyum, 1994; Laurinavicius etal., 1994). Both
mitochondrial ultrastructure (Oliveira, 1977) and tissue starch reserves
(Hanson and Jacobsen, 1984; Hurng and Kao, 1993; Guglielminetti etal.,
1995) have been shown to change as a result of exposure to reduced oxygen
environments. Reduction in starch levels can also be the result of limiting C02
concentrations.
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In 1993, our lab began a series of short duration experiments on growth
and development in Arabidopsis under spaceflight conditions. Following a six
day microgravity exposure during STS-54 mid-deck locker experiment
CHROMEX-03, foliage was very low in carbohydrate compared to the ground
controls (Brown et al., 1993) and analysis of root enzymes indicated that
spaceflight roots had been deprived of oxygen relative to the controls
(Porterfield et al., 1994). These results suggested that oxygen and carbon
dioxide were less available to the plants in microgravity than in the ground
controls, and can be explained by the hypothesis that the absence of
convective air movement in microgravity could give rise to stagnant air layers
around the plant that would then restrict replenishment of gases consumed by
metabolic activity. Based on this hypothesis we set up a series of experiments
that attempted to duplicate the growing conditions for CHROMEX-03, and to
investigate the relationship between atmospheric gas concentrations and
metabolism in Arabidopsis.
Methods and Materials
Plants Growth Conditions
Arabidopsis thaliana (L.) Heynh var. 'Columbia' plants were seeded and
grown in coupled Magenta vessels (Magenta Corp., Chicago, IL) under a 300
pmol m'2 s'1 PAR light source, as described by Kuang et al. (1995). At thirteen
days, the plants were placed under a 50-60 pmol m'2 s'1 PAR light source.
When the plants were fourteen days old, they were connected to compressed
gas sources (Crispi etal., 1996). Six days later, plants were removed from the
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experimental atmospheres and analyzed. For each run, temperature and
relative humidity was monitored in one of the twelve units (Crispi et al., 1996).
To determine the amount of growth during a six-day run, some fourteen day old
plants (herein designated as Day-0 controls) were harvested and analyzed (9
plants per unit, 3 units per run, 3 runs total). In addition to the above plants,
non-seeded agar-medium control tubes were also treated and analyzed as
Day-0 controls (9 tubes per run, 3 runs total) and as experimental controls.
Experimental System
The experimental system consisted of 12 modified, coupled Magenta
units (Magenta Corp., Chicago, IL) arranged in three groups of four units with
each group receiving a different atmospheric treatment (Crispi etal., 1996). Of
the four units receiving a particular treatment, three contained plants (9 per
unit, 27 total) and one contained the non-seeded, agar-medium control tubes (9
per unit). In all, 9 runs were completed, consisting of 9 runs of the 100% Earth
normal control (breathing air, average composition: 215 mmole mole'10 2 + 400
nmole mole'1 C 02 in N2) and 3 runs of each of the following treatments: 10
mmole mole'1 0 2 + 12 nmole mole'1 C02 in N2; 29 mmole mole'1 0 2 + 75 nmole
mole'1 C 02 in N2; mmole mole'10 2 + 120 nmole mole'1 C 02 in N2; 115 mmole
mole'1 0 2 + 230 nmole mole"1 C02 in N2; 142 mmole mole'1 0 2 + 300 nmole
mole'1 C 02 in N2; and, 184 mmole mole'1 0 2 + 360 nmole mole'1 C 02 in N2. To
simplify this report, these compositions will be hereafter referred to as 2, 16,
27, 55, 69, and 87 % Earth normal (EN) atmospheres, respectively. Gas
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handling and monitoring was conducted according to the procedures outlined
by Crispi etal. (1996).
Analyses
Day-0 control plants (harvested and analyzed at fourteen days old) and
experimentally treated plants (harvested at the end of the six day run) were
removed from each coupled Magenta unit, divided into component parts (leaf,
floral stem, and root) and grouped by unit for analysis. After removal and
weighing of leaves and floral stems, the redox potential of the agar medium of
each tube was measured using a needle-tipped platinum calomel redox probe
(# S-30101-15, Sargent Welch Scientific Co.). Roots were then rinsed from the
agar medium, blotted, and weighed. Both the leaf and root samples were frozen
in liquid nitrogen and stored at -65°C.
The leaf samples were subsequently lyophilized overnight and ground
using a mortar and pestle. Twenty five mg of each of these samples was then
placed into a lock top microcentrifuge tube with 1.25 ml of 80% EtOH and
heated at 90°C for 5 minutes with intermittent vortexing. The solutions were
then centrifuged at 3000 rpm in a microcentrifuge for 10 minutes. This ethanol
extraction step was repeated three times. The supernatant solutions were
removed, and evaporated to dryness using a vacuum evaporator and subjected
to soluble sugar analysis (Jones et al., 1977). The pellet was saved for starch
analysis according to the procedures outlined by Sasek et al. (1984).
The frozen root samples were homogenized using a Micromincer
apparatus (Biospec products, Bartlesville, OK) that was prechilled to -20°C.
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The homogenate was extruded into a microcentrifuge tube and a subsample
was taken for total RNA isolation (Totally RNA, Ambion, Austin, TX). ADH
mRNA levels were quantified by RPA (RPA II, Ambion Corporation, Austin, TX).
Tris buffer (pH 6.8) containing 1mM dithiothreitol and 10% (w/v)
polyvinylpyrrolidone (MW 40,000) was added to the remaining homogenized
sample. The resulting solutions were centrifuged at 26,000 g for 15 minutes at
4°C. The resulting supernatant solutions were analyzed for soluble protein
levels by a modified Lowry procedure (Markwell et al., 1978) and for alcohol
dehydrogenase (ADH) activity by the spectrophotometric measurement of
NADH oxidation at 339 nm (Daugherty and Musgrave, 1994).
The ADH RNA probe was constructed around a 484 bp exon within the
ADH gene occurring between +1560 and +2044 (Chang and Meyerowitz,
1986). The procedure first involved extraction of Arabidopsis genomic DNA as
described by Brunei (1992). Next a PCR reaction was carried out by mixing 2 fil
of the genomic DNA solution with 23 pi of PCR reaction solution (50 mM KCI,
10 mM Tris-HCI, 0.1% Triton X-100, 2 mM MgCI2, 0.3 pM upstream primer, 0.3
pM downstream primer, 0.14 pm each dNTP, 0.65 units Taq) in a
microcentrifuge tube which was overlaid with 3 drops of glycerol (Mullis and
Faloona, 1987). By using PCR primers, appended by flanking phage
promoters, (Stoflet et al., 1988) it was possible to use the amplified DNA
fragment directly in an in vitro transcription reaction to produce the RNA probe.
The T7 phage promoter was incorporated into the upstream primer to act as a
sense promoter and the SP6 promoter was incorporated into the downstream
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primer to act as an antisense probe promoter (Schenbom and Mierindorf,
1985). Amplification conditions (95°C for 5 min., 94°C for 30 sec., 45°C for 30
sec., and 72°C for 2 min.) were repeated for 40 cycles (Mullis and Faloona,
1987; Stoflet et ai, 1988), followed by visualization of the PCR product by gel
electrophoresis (1.5% agarose gel, 1x TBE buffer at 80 volts for 1 hour).
Competent biotinylated probes were produced by in vitro transcription of the
PCR product using the SP6 polymerase included in the BrightStar BiotinScript
in vitro transcription kit (Ambion, Austin TX).
The RPA product was separated on a 5% polyacrylamide gel
(acrylamide: bis acrylamide = 19:1) containing 8M urea at 350 V for 2 hours in
1X TBE buffer. The gel was then electroblotted to a membrane (BrightStarPlus, Ambion, Austin, TX) in 0.5X TBE (80 V for 3 hours), followed by UV
crosslinking (120 mJ/cm2). The bands were then visualized using non-isotopic
detection (BrightStar BioDetect, Ambion, Austin,TX) and exposure to x-ray film
overnight. The bands were quantitatively compared by video densitometry
(Model 620, Biorad, Hercules, CA).
Data Analysis
The resulting data were analyzed using one-way ANOVA and/or by the
standard error of the means (P=0.05) using the statistical analysis tools add-in
component of Microsoft Excel (Redmond, WA).
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Results
Plant Growth
Plant fresh weights (Figure 3-1) decreased as the EN atmosphere was
diluted with N2. This not surprising since the reduction in metabolic gases
would effectively inhibit both photosynthesis in the leaves and energy
dependent processes in the roots. For the leaves and stems, the 2% and 16%
EN treatments were statistically different from each other and from all other
treatments and there were no significant differences between the 69%, 87%,
and 100% EN treatments. While root fresh weight decreased in response to the
increased dilution of the EN atmosphere, these changes in root fresh weight
were not as significant as the changes in stem and leaf fresh weight.
Agar Redox Potential
To determine changes in rootzone oxygenation, agar redox potential
was measured immediately after opening the chambers (Figure 3-2). Both with
and without plants the mean redox potential decreased in the agar-based
medium as oxygen and the percent EN atmosphere decreased. The greatest
plant mediated changes in redox potential were seen in 100% and 87% EN
treatments. Redox potentials readings between 330 and 650 mV are
considered to be hypoxic while readings below 330 mV indicate the absence of
free 0 2 (Marshner, 1995). Based on these values, the redox data suggest that
these experimental treatments represent a transition from hypoxic to anoxic
conditions in the rooting medium. The medium is gradually becoming more
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Figure 3-1. Mean change in fresh weight (± s.e.) for total plant, leaves, floral
stems, and roots for Arabidopsis plants grown in seven atmospheric treatments.
For all treatments and parameters, n=9, except for 69% (n=8 for root and total
fresh weight) and 100% Earth normal (n=24 for all parameters).
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hypoxic as the percent EN atmosphere decreases to 27% and anoxic
conditions are encountered below 27% EN with plants.
Root ADH
The changes in root ADH activity correspond to the decreasing
availability of oxygen in the agar medium, with the greatest ADH activity
increases occurring as the percent EN atmosphere dropped below 55% (Figure
3-3). While the ADH mRNA levels also correlated with the decrease in oxygen
availability (Figures 3-2 and 3-3), the response curve did not correspond with
the changes in ADH activity (Figure 3-3). The greatest increase in ADH mRNA
was associated with atmospheres above 55% EN, and ADH expression
seemed to reach a peak somewhere around the 27% EN environment.
Shoot Carbohydrates
Carbohydrate responses to the changing atmospheric conditions
were complex (Figure 3-4). Starch increased as the percent EN atmosphere
decreased from 100% to 55%, but below 55% EN the starch levels were
significantly less than the control plants. Soluble sugars (glucose, sucrose, and
fructose) did not change as the atmosphere was diluted down to 16% with N2.
The 2% EN plants exhibited a dramatic increase in all soluble sugars as
compared to all other treatments.
Discussion
These experiments are unique because both C 02 and 0 2 concentrations
were reduced in concert with one another. Despite the difficulty this creates for
interpreting the data, there were some very interesting trends that are evident.
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First, it is clear that the metabolic consequences of decreasing metabolic
gases on plant growth is significant (Figure 3-1). These changes were more
significant in the leaf and stem fresh weights than in the roots. This is most
likely due to the fact that, even in the control plants, the root environment was
hypoxic (Figure 3-2) while the aerial atmosphere represented ambient
conditions (Data not shown).
Root environment oxygenation in these experimental treatments
represents a transition from hypoxic to anoxic conditions (Figure 3-2), and the
plant root systems were already adapted to low oxygen conditions even before
the experimental treatments were begun. This allowed us to look at ADH
activity and expression during this transition from hypoxic to anoxic conditions.
As the percent EN atmosphere and oxygen availability decreased, ADH activity
increased (Figure 3-3), and the increases in ADH activity were the greatest
when the percent EN atmosphere dropped below 55%. This is in contrast to the
response shown by ADH expression. While ADH mRNA levels did increase as
oxygen decreased (Figures 3-5 and 3-6), the greatest increases in ADH
expression were associated with higher oxygen concentrations (Figure 3-5).
The biggest change in ADH expression occurred as the gaseous environment
decreased from 100% EN to 88% EN and expression reached its peak around
16% EN. This suggests that in Arabidopsis post-transcriptional processes may
become limited or there is a post-transcriptional control system for the ADH
gene.
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The changes in carbohydrate concentrations are harder to interpret
because they may be responding to both the changes in C 0 2 and 0 2 in the
leaves, and changes in root oxygenation. Between 100 and 55% EN
atmospheres the increase in starch concentration levels may be due to either
an increased affinity for C 02 by Rubisco or a decrease in sucrose demand in
the roots associated with the reduced oxygen levels. The dramatic decrease in
starch concentrations associated with treatments below 55% EN is not due to
C02 concentrations dropping below the compensation point of Arabidopsis
because it has been shown that the C02 compensation point is lowered when
oxygen levels are decreased (Azcon-Bieto etai., 1981). Instead it is more
probable that root metabolism has been affected in such a manner that nutrient
deficiencies are now affecting carbon metabolism in the shoot. At 2% EN
atmosphere soluble sugar concentrations are significantly higher than in all of
the other treatments. This is expected because the process of converting
starch into sugars is under very tight regulatory control. Regulation may not be
affected until oxygen concentrations drop enough to affect the metabolically
active process of phloem loading in the source leafs and unloading in the
sinks.
When comparing data from this study with results obtained from
CHROMEX-03, none of the treatments entirely reproduced the spaceflight
results. In microgravity, where convective currents are lacking, the resulting
boundary layers surrounding various parts of a plant organ would have
differing levels of oxygen and carbon dioxide based on the metabolic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

75

processes of that particular plant organ. For example, during photosynthesis
the boundary layer surrounding a leaf would have reduced C 02 and elevated
0 2 concentrations relative to ambient atmosphere. Around the root the opposite
situation would occur, with 0 2 concentrations decreasing and C 02
concentrations increasing as a result of cellular respiration. Nevertheless, the
results obtained in this study demonstrate that growth and metabolism can be
controlled by altering the concentrations of oxygen and carbon dioxide, and
that atmospheres below 27% EN are inhibitory to both processes. The results
also allow us to make predictions about what the actual in vivo conditions were
during the spaceflight experiment. Experiments based on these results utilizing
dual environment atmospheric chambers to treat roots and shoots
independently may be needed to reproduce the observed spaceflight
responses.
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Introduction
The orientation of roots in the absence of gravity has been described as
random by investigators examining plant roots produced during spaceflight
(Merkys etal., 1981; Cowles etal., 1984; Merkys etal., 1984; Slocum e ta i,
1984; Perbal et al., 1986; Schulze etal., 1992; Perbal and Driss-Ecole, 1993;
Dutcheretal., 1994; Perbal and Driss-Ecole, 1994; Johnsson etal. 1996).
When roots showed curvature responses during spaceflight, this was attributed
to autotropism (Volkman etal., 1986; Chapman et al, 1994; Johnsson etal.
1996). This “confused growth” has commonly been illustrated by showing root
tips growing out of the rooting matrix into the air (Cowles et al., 1984).
A tropism is a differential growth response of a plant organ to a
perceived stimulus. It is known that plant roots orient growth through the soil by
gravitropism, hydrotropism, and thigmotropism. Molisch (1884) first reported
observations and experiments that describe a tropic response to air
(aerotropism). Molisch’s initial report was followed by two investigations that
challenged and supported his results (Bennett, 1904; Sammett, 1905). Pfeffer
(1906) reviewed this research and hypothesized that plant roots were
responding specifically to oxygen, and coined the term oxytropism. This
phenomenon was not investigated again until Wiersum (1967) described root
growth patterns under waterlogged conditions which he concluded, based on
Molisch’s research, were a result of aerotropism. Despite these investigations
and observations aerotropism and/or oxytropism has not been rigorously
investigated by the scientific community.
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During the CHROMEX-03 and 05 spaceflight experiments metabolic
changes in the roots that are consistent with adaptation to low 0 2 conditions
were documented (Porterfield etal., Chapter 2; 1994; 1995). During these
experiments the occurrence of altered root growth patterns were observed
(Figure 4-1). Given this information, these observations led to the hypothesis
that, in some cases, root orientation during spaceflight was not random but
directed toward oxygen. To test if plant roots can sense and respond to an 0 2
gradient (oxytropism) a microrhizotron capable of producing and maintaining an
oxygen gradient ranging from 210 mmol mol'1to 0.0 mmol mol'1 0 2 was
devised. Plants were grown along the gradient and the directional nature of
seedling root growth within this gradient was observed.
Materials and Methods
Plant Materials
Oxytropic behavior was investigated in both gravity sensing and non
gravity sensing roots. Seeds of the agravitropic pea mutant (Blixt et al., 1958),
Pisum sativum L. cv Ageotropum were provided by Dr. Hideyuki Takahashi
(Tohoku University, Sendai, Japan). The parent line of Ageotropum (Weibul’s
Weitor) is no longer available so the decision was made to use a closely
derived line, Weibul’s Apollo, which was provided by Dr. Chuck Simon (USDAARS, Pullman, WA).
All seeds were germinated in the dark at room temperature for three
days before being moved to the microrhizotron. Seeds with roots that were
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Figure 4-1. Roots growing out of the agar nutrient medium during the
CHROMEX-05 spaceflight experiment.
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straight and between 40 and 50mm were selected from a germination group of
12 seeds and randomly placed in the apparatus. For germination, seeds of
Weibul’s Apollo were aligned approximately 3 cm from the long edge of a piece
of wet germination paper (Anchor Paper Company, St. Paul, MN). Another
piece of germination paper was placed on top then wetted before the assembly
was rolled up into a cylinder. The cylinder was place into a 1L Erlenmeyer flask
containing 900ml of dH20 so that the seeds were in the portion of the cylinder
that extended into the air. When the seeds germinated the roots grew down
between the layers of paper, insuring the roots were straight.
Seeds of Ageotropum were germinated in pots of water saturated peat
vermiculite soil mix (Terra Lite Redi-Earth, Scott-Sierra Horticultural Products,
Marysville, OH). These seeds could not be germinated according to the
procedure used for Weibul’s Apollo because without the gravitational cue the
roots would tend to grow in any direction and would end up curved in such a
manner that would not allow them to be easily integrated into the experimental
apparatus. Instead the seeds were placed on top of the soil with the embryo at
the top of the seed. This insured that the radical would not come into contact
with the soil and the roots of the seedling would grow parallel to the soil
surface. A Plexi-glas cover was placed on the pot to maintain uniform humidity
conditions and to prevent hydrotropic curvature of the roots down to the soil
surface.
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Experimental Conditions
These investigations were conducted using a microrhizotron that was
built to include a gas control and delivery system (Figure 4-2). This oxytropism
research system (ORS) was constructed from two square plates of clear
polycarbonate plastic (254mm x 202mm x 3mm) separated by 6.35mm strips of
natural rubber. The rubber strips were glued along the edges of one plate
using aquarium grade silicone cement (Dow Corning). The other plate was
modified to include a series of gas channels constructed from clear PVC
2.54cm x 2.54cm comer-guards (3M). These channels coincided with a series
of ports in the plate through which the different gas mixtures were injected into
the enclosed air chamber created when the two plates were screwed together
(Figure 4-2, bottom). The seed tray at the top contained a peat-vermiculite soil
mix, while the ORS air chamber contained an agar/soil mix. The medium in the
ORS chamber was prepared by spreading the peat-vermiculite mix onto the
polycarbonate plastic plate configured with the rubber spacers and saturating
the mix with a 0.8% agar nutrient medium made from half strength Hoagland’s
solution (Hoagland and Arnon, 1950).
Once the agar had solidified, the ORS was assembled and connected to
the various bottled gas sources. The gas pressure was controlled at the
compressed gas tank regulator (13.8 kPa) before the gas was humidified by
bubbling through water. After passing through the humidity chamber, the gas
flow was adjusted to 20 ml min'1 using a needle valve and a rotameter
(Matheson Gas Products, Montgomery, PA) before entering the gas channels
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on the ORS. From the gas channels the gas mixes would flow into ORS
chamber through the gas ports. The system was configured and connected to
the compressed gas sources overnight before the roots were put into the
system. The roots were introduced into the system through a series of gaps in
the rubber spacer. The soil mix was then packed around the seeds in the seed
tray and saturated with water. The plants were kept in the dark at all times. For
controls, the ORS was flushed with air containing 350 ^mol mol'1 C 02 and
210.0 mmol mol'1 0 2. To produce an oxygen gradient the ORS was set up
serially with the gas mixes containing 350 pmol mol'1 C02 and oxygen
concentrations of 210.0 mmol mol'1, 157.5 mmol mol'1, 105.0 mmol mol'1, 52.5
mmol mol'1, 0.0 mmol mol'1respectively.
Analysis
Each experiment contained four roots designated by position in the ORS
(Figure 4-2), and all experiments were replicated at least three times. The
growth and curvature of the roots within the chamber during the experiment
were marked and measured at specific times. Curvature of roots was measured
(Takahashi and Scott, 1991), and growth towards and away from gravity were
designated as 0.0° and 180.0° respectively. Diageotropic growth towards or
away from higher oxygen concentrations was designated as 90.0° or -90.0°
respectively.
At the end of the experiment the roots were removed from the chamber,
rinsed, blotted, and weighed before being frozen individually in liquid nitrogen
and stored at -65°C. The frozen root samples were then homogenized using a
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Micromincer apparatus (Biospec products, Bartlesville, OK) that was prechilled
to -20°C. The homogenate was extruded into a microcentrifuge tube containing
Tris buffer (pH 6.8) with 1mM dithiothreitol and 10% (w/v) polyvinylpyrrolidone
(MW 40,000). The resulting solutions were centrifuged at 26,000 g for 15
minutes at 4°C, and the supernatant solutions were analyzed for soluble protein
levels by a modified Lowry procedure (Markwell et al., 1978) and for alcohol
dehydrogenase (ADH) activity by the spectrophotometric measurement of
NADH oxidation at 339 nm (Daugherty and Musgrave, 1994).
Growth, curvature, and ADH activity along the oxygen gradient were
compared by one-way ANOVA and by Duncan's multiple range test, while
differences between Ageotropum and Weibul’s Apollo were analyzed using
Student’s t-test. All statistical tests were performed at the 0.05 significance
level, using the statistical analysis tools add-in component of Microsoft Excel
(Redmond, WA).
Results
The oxytropic response of Weibul’s Apollo and Ageotropum are shown
in Figures 4-3 and 4-4 respectively. Both Weibul’s Apollo and Ageotropum
responded to the oxygen concentration gradient by curving in the direction of
higher Oa concentrations regardless of the starting position within the oxygen
gradient. There was no difference in the rate of curvature of roots growing in
the mean starting oxygen concentrations between 183.8 mmol mol'1 and 131.3
mmol mol'1. After 48 hours of growth exposed to these oxygen concentrations,
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Weibul’s Apollo had curved to 45.1° and 45.6° and Ageotropum had curved to
89.6° and 90.58° respectively.
When the chamber was flushed with air containing ambient oxygen
concentrations (210.0 mmol mol'1), little curvature was observed. The roots of
Weibul’s Apollo remained oriented towards gravity and deviated very little from
0.0°. Ageotropum also tended to remain oriented around 0.0° but tended to
deviate more than Weibul’s Apollo and had higher standard errors.
To understand the relationship between the oxytropic response and the
metabolic status of the root, root growth rates and activity of the enzyme
alcohol dehydrogenase (ADH) were measured. The elongation rate (Figure 45) and ADH activity levels (Figure 4-6) of roots in the ORS exposed to ambient
oxygen concentrations were not statistically different from the roots exposed to
the mean starting oxygen concentrations of 183.8 mmol mol'1 and 131.3 mmol
mol'1 in the gradient experiments. The rate of root elongation decreased and
ADH increased as the oxygen concentration decreased in both Weibul’s Apollo
and Ageotropum. There were no significant differences between these two
cultivars in any of these measured parameters.
Discussion
The first demonstration of oxygen sensing by a microorganism was
shown by Engelmann (1882) in his experiments to determine the
photosynthetic action spectrum. In motile bacteria a positive chemotactic
response to oxygen has been observed as a net migration to environments
which are better aerated (Bacracchini and Sherris, 1959; Weibul, 1960; Adler,
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1966; Tsang etal., 1973). In fungi growth responses toward oxygen have been
noted in zygomycetes, ascomycetes, and basidiomycetes (Gooday.1975) and
are thought to be responsible for self avoidance growth responses in hyphae
(Gooday,1975). It is well known that root oxygen availability is an important
environmental factor for plant growth because roots require 0 2for normal
respiration and nutrient acquisition (Hopkins etal., 1950; Leyshon and Sheard,
1974; Poole, 1978; Cheeseman and Hanson, 1979; Saglio etal., 1980; Trought
and Drew, 1980; Trought and Drew, 1981). Based on this, it seems likely that
mechanisms would have evolved that would allow roots to avoid oxygen
deprived soil strata and the necessity of relying on anaerobic metabolism.
Oxygen sensing could also allow roots to avoid one another while growing in
the soil, thereby eliminating competition for nutrients, water, as well as oxygen.
Molisch’s report in 1884 was the first description of aerotropism in plant
roots. In this report he described observations of the growth and curvature of
roots grown in water which led to experiments to test if roots could sense and
respond to gases. He conducted experiments employing a chamber containing
the test gas which was closed by a rubber stopper containing several slits.
Seedlings were fastened to this chamber such that the roots were in close
proximity to the slits through which the gas would be applied. After this initial
report, Bennett (1904) disputed Molisch’s conclusions and blamed possible
uneven wetting in the experimental system as the cause of Molisch’s
observations. Bennett tested Molisch’s results using various experimental
setups but opted to use pure C02 as a diluent because it was not presumed to
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be “metabolically poisonous.” There is now evidence that highly elevated C 0 2
levels may lead to metabolic problems (Chang etal., 1983; Longhurst etal.,
1990; Nobel, 1990) that compromised Bennett’s experiments. Using an
apparatus that suspended roots in water around a central aerated core,
Sammett (1905) presented corroborative evidence in support of Molisch’s
original conclusions that plant roots can sense and respond to an air.
Despite this early work, oxytropism was largely ignored over the next 60
years until several reports of altered root system growth resulting from limiting
oxygen availability appeared (Wiersum, 1960; Tackett and Pearson, 1964;
Waddington and Baker, 1965; Wiersum, 1967; Huck, 1970; Jackson etal.,
1991). While most of these investigators attributed these changes in root
growth to a modification of the gravitropic set point (Digby and Firn 1980),
Wiersum (1967) rediscovered Molisch’s original work and conducted some
basic experiments to test for aerotropism in plant roots. In these experiments
he grew roots in soil contained by asbestos tubes. The lower portion of these
tubes were placed in water, resulting in an increasing water content with depth
and a consequent decrease in aeration. Wiersum reported that the roots of
Brassica napus and potato grew down in the tube before turning up towards
better aerated layers.
These earlier reports of oxytropism were all phenomenological in nature.
Using a highly controlled system, we have demonstrated tropic curvature
across a range of rootzone oxygen concentrations (Figures 4-3 and 4-4). The
roots of the agravitropic mutant Ageotropum exhibited the greatest response to
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an oxygen gradient (Figure 4-4). Ageotropum reoriented a full 90° into the
oxygen gradient as compared to the gravity sensing variety Weibul’s Apollo,
which only curved 45°. The curvature of Weibul’s Apollo suggests that roots
equally integrate both the gravity and oxygen signals, resulting in the
diagravitropic and plagiogravitropic growth observed in response to soil
flooding (Wiersum, 1960; Tackett and Pearson, 1964; Waddington and Baker,
1965; Wiersum, 1967; Huck, 1970; Jackson etal., 1991). This specific
phenomenon associated with waterlogging is not a result of a modification of
the gravitropic set point and may be more appropriately referred to as
oxygravitropic growth and distinguished from true diagravitropic and
plagiogravitropic growth.
The oxytropism research system produces an oxygen concentration
gradient of approximately 0.8 mmol mol'1mm*1. Since we observed tropic
curvature all along this gradient, it appears that the absolute oxygen
concentration is not as important as the oxygen gradient. The root elongation
rate data (Figure 4-5) show that the absolute oxygen concentrations did appear
to affect the curvature rate because the decrease in root elongation correlated
with a decrease in the tropic curvature rate (Figure 4-7). This is further
supported by the ADH data (Figure 4-6) that show significant amounts of ADH
activity associated with slower curving and growing roots. The ADH data also
show that oxytropic curvature occurred in roots exposed to 0 2 concentrations
that were not low enough to induce this hypoxically responsive protein. This
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implies that the 0 2 sensor associated with oxytropism is not involved with the
induction of hypoxic metabolism.
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Introduction
To determine microgravity effects on plants, a standard nutrient delivery
system must be developed that performs in a manner which minimizes any
secondary effects of microgravity plant culture. One major concern in the
development of a nutrient delivery system for use in space is avoiding oxygen
deprivation in the rootzone caused by inhibition of convective water and/or gas
movement associated with microgravity. Another concern is that conventional
rooting media tend to keep the roots too wet in microgravity because the water
does not drain in the absence of a strong gravity vector. This may explain the
success of media that maintain fairly even water distribution (such as agar and
phenolic foam) in supporting plant growth during short-term shuttle flights
(Kordyum etal., 1983; Krikorian and Levine, 1992; Levine and Krikorian, 1992;
Heyenga, 1994; Kuang etal., 1995). Hydroponic techniques are considered to
have many advantages over soil culture for space based bioregenerative life
support system (BLSS) applications, including reduced water and nutrient
utilization, rapid crop turnover, facilitation of automation, and reduced space
requirements. The problem with traditional hydroponics is that it relies on
gravity for solution flow (Halstead and Dutcher, 1984).The Porous-Tube Plant
Nutrient Delivery System (PTPNDS) (Dreschel etal., 1994) is currently being
developed at Kennedy Space Center as a part of the BLSS research program.
The PTPNDS can provide hydroponic culture of plants in microgravity because
the flow of the nutrient solution within the system is not dependent on gravity.
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In fact, this technology has been shown to avoid the problems associated with
containing a solution in the microgravity environment (Johnson et al., 1995).
The PTPNDS (Figure 5-1) utilizes a tube constructed of a porous
ceramic material surrounded by an opaque non-porous material that contains
and protects the roots from light and desiccation. The PTPNDS is scheduled
for its first spaceflight test sometime in 1997, and is a candidate technology for
the space station based Plant Research Unit being developed by Lockheed
Martin at NASA’s Ames Research Center.
To evaluate the success of this system in supporting plant growth, it is
necessary to determine how plants respond physiologically to this nutrient
delivery system as compared to other types of media currently being used.
Dwarf wheat and Brassica rapa plants grown on the PTPNDS were compared
to those grown on the agar-solidified gel nutrient medium (Kordyum etal.,
1983; Heyenga, 1994; Kuang etal., 1995) and nutrient-saturated phenolic
foams (Cowles etal., 1984; Krikorian and Levine, 1992), both of which are
currently being used for space shuttle based microgravity research. These
species were chosen because of their acceptance within the space research
community and because they are candidates for the first spaceflight test of the
PTPNDS.
The nutrient delivery systems were compared by analysis of root zone
morphology, alcohol dehydrogenase (ADH) activity, nutrient content, and
general plant growth parameters of plants grown on the PTPNDS, agar gel and
phenolic foam systems. Rootzone morphology of dwarf wheat plants was
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Figure 5-1. Diagram of the Porous Tube Plant Nutrient Delivery System.
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determined by digital analysis of scanned root images. Plant growth analysis
was performed to monitor changes in overall plant growth, and nutrient content
was examined by ICP analysis. ADH activity was measured as a metabolic
indicator of oxygen availability. The collective data will give an overall
assessment of the performance of the PTPNDS as compared to techniques
currently used for short term plant research aboard the space shuttle. The
results may also identify any association between ADH activity and the
appearance of rootzone morphological changes that occur with reduced
oxygen. The plant growth analysis data will also allow us to obtain a better
understanding of how plant growth may be affected by the environment
encountered by the root system.
Materials and Methods
Plant Material
These experiments were conducted with both monocot and dicot
species. Dwarf wheat (Triticum aestivum L. cv. Yecora Rojo) and Brassica rapa
L. (CrGC#1-33) were chosen as the monocot and dicot representatives
respectively. For all of the experiments discussed below 4 samples of six plants
(24 total) were grown for 12 days and were replicated 3 times with each
species. The dwarf wheat seeds were air imbibed for 3 days (see Appendix)
before planting and the Brassica seeds were planted dry.
Nutrient Delivery Systems
A modified half strength Hoagland solution (Hoagland and Amon, 1950)
was made using deionized water and the following macronutrients : 6mM N,
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2.6mM K, 2mM Ca, 1mM Mg, 1mM S, and 0.6 mM P. The micronutrients used
were Fe, B, Mn Zn, Cu, and Mo at 54, 35, 6.7, 0.58, 0.24, and 0.07 pM
respectively. The pH was adjusted to 6.0 with HCI.
The PTPNDS was constructed from a 2.1cm outside diameter
hydrophilic porous ceramic filter tube (Millipore Co. Bedford, MA) with a
functional pore size of 0.7 pm. The porous tube was wrapped with
polyethylene that was white on the outside surface and black on the inside
surface. This material served as a barrier to both light and water vapor, and
was held to a polypropylene seed holder by Velcro. This wrap formed a root
containment volume of 0.7 cm3 per cm of porous tube. A peristaltic pump was
used to circulate nutrient solution through two 25 cm parallel porous tubes, at a
rate of 0.1 liters per minute from a 0.325 liter reservoir. Each tube had two
seed holders, accommodating 6 seeds apiece. Each of the 24 seeds planted
was held in place by a cellulose filter (Cat. # 23534B, Rainin Inst. Co, Woburn
MA).
For the phenolic foam system Oasis Rootcube (Smithers-Oasis, Kent,
OH) was cut into blocks, inserted into an aluminum support chamber (ASC)
(9.8 cm x 4.1 cm x 6.5 cm inner dimensions), and equipped with a 9.0 cm x 6.0
cm Nitex (35 pm pore size) envelope according to Levine and Krikorian (1992).
Four ASC bases were used to plant twenty-four seeds with 6 seeds per Nitex
envelope. Nutrient solution (150 mL) was added to each ASC.
The modified Hoagland solution was used to make a 0.8% agar solution.
This solution was autoclaved and poured into plastic film cubes (4.5cm x 4.2cm
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x 6.5cm) made from Sun Bags (Sigma) using an impulse sealer (Heyenga,
1994). The bags were precut to include three 1.0cm holes spaced 0.5cm apart
on the top face. Each of four ASC bases supported two bags, which were
secured using tape. Every bag contained 135 ml of autoclaved agar-nutrient
solution and was allowed to solidify before being equipped with 3
microcentrifuge tubes, modified by cutting off the bottom 1 cm. One tube was
placed into each of the 3 holes and used to hold a cellulose filter containing a
seed. A total of 24 seeds were planted in the agar system.
Each of the nutrient delivery systems used in this study was housed in
an individual clear polycarbonate chamber. These nutrient delivery system
housing chambers (NDSHC) were constructed from two Nalgene Bio Transport
Carrier Systems (Cat. #7137) by cutting off the top of one Bio Transport
Carrier System chamber and stacking another Bio Transport Carrier System
chamber on top, followed by adhesion with polycarbonate cement. This
effectively produced a double chamber: an upper shoot chamber and a lower
nutrient delivery chamber (Figure 5-2). Aseptic culture was maintained in the
presence of air flow (300± 11 ml min'1), produced by aquarium air pumps
(Penn Plax 1550), by the use of Nalgene micropore filters (Cat. # 199-2020).
The porous tube system was adapted to the housing chamber by directly
mounting the seed holders to the wall separating the upper and lower
chambers and drilling holes in the wall that corresponded with the holes in the
seed holder to allow the shoots to pass into the top chamber. The tubes were
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Figure 5-2. Dwarf wheat plants growing on the porous tube plant nutrient
delivery system maintained inside of a nutrient delivery system housing
chamber.
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held in place under the seed holder by the Velcro adhesion of the tube wraps
to the seed holders. The lower root portion of the NDSHC chamber also
contained the porous tube nutrient solution reservoir, but solution flow was
produced by an externally situated peristaltic pump. The phenolic foam and
agar systems were adapted by cutting four 9.7 cm x 4.0 cm holes in the wall
separating the upper and lower chambers. The ASC bases were held in place
just under these openings by a system of elastic silicone tubing.
Plant Growth Analysis
To describe the differences in plant growth in quantitative terms, plant
growth analysis was performed on 4 samples each of six dwarf wheat and six
Brassica rapa plants from each of the systems after twelve days of growth.
Final leaf area measurements and beginning/ending weights were used to
calculate the plant growth analysis values seen in Table 5-1. Beginning
weights were taken to be those of the dry seeds, and leaf areas were
determined using a leaf area meter (LI 3100 Leaf Area Meter, Licor, Lincoln,
NE). The value of 1 pm2was used as initial leaf area for all calculations. The
data were analyzed utilizing one-way ANOVA and by Duncan's multiple range
test at the 0.05 significance level using the statistical analysis tools add-in
component of Microsoft Excel (Redmond, WA).
Alcohol Dehydrogenase Activity
Four samples each of six dwarf wheat and six Brassica rapa roots were
carefully removed from the respective systems after twelve days of growth,
washed and frozen in liquid nitrogen. The frozen root samples were then
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Table 5-1. Calculation of plant growth analysis values, where: W= total dry
Plant Growth Parameter
Change in weight
Relative Growth Rate (RGR)
Net Assimilation Rate (NAR)
Shoot Weight Ratio
Root Weight Ratio
Specific Shoot Weight

Formula
(Wz-W^AT1
(InWz-lnWOAT1
(AW/AA)(lnA2-lnAi)AT1
SW1
RW1
S A'1
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ground in a Tris buffer (pH 6.8) containing 1mM dithiothreitol and 10% (w/v)
polyvinylpyrrolidone (MW 40,000) and centrifuged at 26,000 g for 15 minutes at
4°C. The resulting supernatant solutions were analyzed for soluble protein
levels by a modified Lowry procedure (Markwell etal., 1978), and for alcohol
dehydrogenase (ADH) activity by the spectrophotometric measurement of
NADH oxidation at 339 nm (Daugherty and Musgrave, 1994). The ADH data
were analyzed utilizing one-way ANOVA and by Duncan’s multiple range test at
the 0.05 significance level using the statistical analysis tools add-in component
of Microsoft Excel (Redmond, WA).
Root System Morphometries
Four samples of six dwarf wheat plants each were taken on 3 day
intervals following initiation of the experiment. Each plant was carefully
removed from the system to assure that intact root systems were available for
analysis. This analysis could not be conducted on the Brassica rapa plants due
to the extensive inter-weaving of the fine roots that prevented complete
removal of intact root systems.
While floating in a clear tray filled with dH20, each root system was
scanned by a Hewlett Packard Desk Jet Scanner at 300 dpi using Hewlett
Packard Scanware software in line art mode. This effectively produced an
image of black roots on a white background. Background image noise was
removed using Z-Soft Photofinish software. Each of the root systems was
partially cut up before scanning to minimize root overlap. The resulting images
were analyzed on the basis of length and average width using Rootlaw
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software (Pan and Bolton, 1991). Lateral surface area was calculated using the
standard formula describing surface area of a cylinder (2nr), and all of the data
were analyzed utilizing two-way ANOVA and by Duncan's multiple range test at
the 0.05 significance level using the statistical analysis tools add-in component
of Microsoft Excel (Redmond, WA).
ICP Analysis
Dwarf wheat tissue nutrient levels were determined by ICP analysis. The
tissue was first degraded by mixing 0.5g of dried, ground tissue with 10 ml of a
70% HN03 solution and microwaved for 20 minutes at 650 watts. Next 2 ml of
a 37% HCI solution was added and the mixture was microwaved for 5 minutes
at 650 watts. The resulting solution was then diluted with dH20 to 200 ml and
analyzed using a Leeman Labs (Model PS-3000) ICP spectrometer.
Results
The plant growth analysis data suggest that in dwarf wheat the PTPNDS
supports a higher level of plant growth followed by the phenolic foam and agar
gel systems respectively (Table 5-2). This is most evident in the RGR and NAR
values which also indicate that some sort of stress associated with the agar
and phenolic foam systems may have contributed to these differences. The
differences in the shoot and root weight ratios suggest that the stress
responsible for the changes in plant growth affected the root system.
In Brassica rapa, plant growth analysis (Table 5-3) showed that there
were no statistical differences between these systems on the basis of general

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

113

Table 5-2. Results of the plant growth analysis of dwarf wheat plants produced
after 12 days of growth on the porous tube (PT), phenolic foam (PF), and agar
gel (AG) systems._________________________________________________
PT
PF
AG

Change in
RGR
Weight (g/day) (g/g/day)
0.2653
0.012a
0.018b
0.007b
0.009°
0.003°

NAR
(g/cm2/day)
0.033a
0.025b
0.013°

Shoot Weight
Ratio

Root Weight
Ratio

0.51a
0.455b
0.388°

0.49a
0.545b
0.612°

Specific Shoot
Weight (g/cm2)
0.0493
0.053a
0.047a

Values in the same column with the same letter are not significantly different,
Duncan's multiple range test P<0.05.
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Table 5-3. Results of the plant growth analysis of Brassica rapa plants
produced after 12 days of growth on the porous tube (PT), phenolic foam (PF),
and agar gel (AG) systems._________________________________________
Change in
RGR
Weight (g/day) (g/g/day)
0.005a
PT
0.1913
0.0053
PF
0.183a
AG
0.0043
0.189a

NAR
(g/cm2/day)
0.0243
0.0223
0.0223

Shoot Weight
Ratio
0.6953
0.6453
0.798b

Root Weight
Ratio
0.3053
0.3553
0.202b

Specific Shoot
Weight (g/cm2>
0.0433
0.0473
0.067b

Values in the same column with the same letter are not significantly different,
Duncan's multiple range test P<0.05.
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growth indicators. However, the shoot and root weight ratios showed significant
differences existed between the agar grown plants and both the PTPNDS and
the phenolic foam plants. This difference was also evident in the specific shoot
weight values.
The results of the ADH assays of twelve day old dwarf wheat roots show
that very different metabolic conditions exist in plants grown with the different
nutrient delivery systems (Table 5-4). Significant differences in ADH activity
occur in plants grown by these different methods, whether analyzed on the
basis of protein or fresh weight. The agar system shows a very large ADH
activity response and is considerably higher than the other two treatments. The
phenolic foam system exhibited a significantly higher ADH activity when
compared to the porous tube system. The agar grown plants also show a
significant decrease in protein concentration levels, while the porous tube and
phenolic foam protein concentration levels do not differ significantly from one
another.
As was seen in the dwarf wheat experiments, the agar gel system was
associated with significantly higher levels of ADH activity and decreased
protein concentrations (Table 5-5) when compared to the PTPNDS and the
phenolic foam systems. Analysis of ADH activity and protein concentrations
from the PTPNDS and the phenolic foam systems showed that there were no
significant differences in these systems.
In general, the root system of a germinating wheat seedling goes
through a specific set of morphological changes (Figure 5-3). The first roots
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Table 5-4. ADH activity and protein concentrations in dwarf wheat roots grown
for 12 days on the porous tube (PT), phenolic foam (PF), and agar gel (AG)
systems._______________________________________________________
ADH activity
Protein Concentration
ADH activity
(ng/min/mg f.w.)
Sample
(ng/min/mg protein)
(ug/mg f.w.)
0.131±0.009a
80.779±2.19a
PT
1.625±0.11a
7.379±0.78b
0.587±0.027b
PF
79.522±1,54a
2.602±0.396c
40.829±5.43b
AG
53.881 ±3.31°
All values are ± se.
Values in the same column with the same letter are not significantly different,
Duncan's multiple range test P<0.05.
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Table 5-5. ADH activity and protein concentrations in Brassica rapa roots
grown for 12 days on the porous tube (PT), phenolic foam (PF), and agar gel
(AG) systems.__________________________________________________
ADH activity
ADH activity
Protein Concentration
(ng/min/mg f.w.)
Sample
(ng/min/mg protein)
(pg/mg f.w.)
PT
29.573±4.99a
0.249±0.019a
8.443±4.72a
0.228±0.027a
PF
26.159±3.13a
8.719±2.28a
731.234±28.87b
3.457±0.295b
4.728±2.18b
AG
All values are ± se.
Values in the same column with the same letter are not significantly different,
Duncan's multiple range test P<0.05.
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Figure 5-3. Comparison of morphometric changes associated in dwarf wheat
grown on the three nutrient delivery systems for 12 days.
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that emerge from an unstressed wheat seedling are typically the widest present
on the plant during its life cycle. The average root width decreases as the total
root length increases. This has the effect of increasing the lateral surface area
while minimizing the increase in longitudinal section area. This, conceptually,
could be responsible for increasing the surface area available for nutrient and
water transport while minimizing the distance through the root that must be
traversed before loading into the tracheary elements of the vascular bundle.
Root system morphology exhibited some interesting changes in
association with the different systems. During the entire 12 day period no
differences in surface area occurred between treatments despite major
differences in length and width during the same period (Figure 5-3). On day 3
there was no difference in average root width, but on days 6-12 the porous
tube and phenolic foam roots were significantly thinner than the agar system
roots. Root length showed a similar trend, with no difference at 3 days, but by
day 6 there were significant differences between the porous tube and foam
systems, and the agar system. By day 9 and 12 the foam and agar systems did
not differ significantly, although the porous tube and agar systems continued to
differ statistically.
ICP analysis showed that there were differences in nutrient composition
in dwarf wheat plants grown on the three nutrient delivery systems (Tables 5-6
and 5-7). In the shoots and roots, K, P, Ca, and Mg concentrations were
different in all of the systems. In the shoots, the concentrations of these
nutrients decreased in relation to ADH activity increases while in the roots, the
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Table 5-6. Mineral composition of dwarf wheat shoots grown for 12 days on the
three nutrient delivery systems, as determined by ICP analysis.____________
K in
%

P in
%

B in
ppm

Zn in
ppm

Fe in
ppm

S in
%

Cu in
ppm

Ca in
%

Mg in
%

Mn in
ppm

PTPNDS

1.93a
±0.37

0.490a
±0.04

73.3a
±6.3

35.9a
±3.4

166a
±9.3

0.361a
±0.03

10.9a
±0.56

1.93a
±0.34

0.414a
±0.19

50.8a
±8.1

Phenolic
Foam

1.26b
±0.22

0.232b
±0.02

71.0a
±1.9

33.9a
±2.9

157a
±10.8

0.370a
±0.04

10.1a
±0.98

0.464b 0.285b
±0.19
±0.22

51,9a
±5.3

Agar
Gel

0.86c
±0.19

0.125c
±0.03

88.3a
±9.0

32.6a
±4.6

93b
±14.3

0.274b
±0.04

28.9a
±2.34

0.165c 0.090°
±0.07
±0.05

22.9b
±5.9

All values are ± se.
Values in the same column with the same letter are not significantly different,
Duncan's multiple range test PO.05.
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Table 5-7. Mineral composition of dwarf wheat roots grown for 12 days on the
three nutrient delivery systems, as determined by ICP analysis.___________
K in
%

P in
%

B in
ppm

Zn in
ppm

Fe in
ppm

S in
%

Cu in
ppm

Ca in
%

Mg in
%

Mn in
ppm

PTPNDS

0.162a 0.181a
±0.02
±0.02

59.3a
±8.6

167.5a
±19.8

674a
±48

0.801a
±0.05

34.0a
±3.5

1.32a
±0.27

0.053a 483.3a
±0.01
±35.7

Phenolic
Foam

0.132b 2.195b
±0.01
±0.48

63.8a
±2.9

157.5a
±22.1

658a
±37

0.793a
±0.04

29.8a
±4.59

2.25b
±0.31

0.125b 443.5a
±0.03
±29.6

Agar
Gel

0.109c 5.773°
±0.83
±0.02

64.8a
±7.4

148.3a
±25.4

3012b 2.674b
±34
±0.41

33.8a
±7.89

2.94°
±0.39

0.280° 1592.9°
±0.04 ±72.5

All values are ± se.
Values in the same column with the same letter are not significantly different,
Duncan's multiple range test P<0.05.
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nutrient levels increased. In the shoots the PTPNDS had the highest levels of
these nutrients and the agar gel system showed the lowest, and in the roots the
inverse trend was noted. The agar gel system also showed decreased shoot
and increased root levels of Fe, S, and Mn as compared to the other two
systems.

Discussion
Ranking the systems on the basis of ability to support dwarf wheat
growth indicates that the porous tube nutrient delivery system supports a
higher level of plant growth followed by the phenolic foam and agar gel
systems respectively (Table 5-2). This is most evident in the RGR and NAR
values based on leaf area and dry tissue weights. The shoot and root weight
ratios related to the different nutrient delivery systems indicate that some sort
of stress associated with the root zone may have been associated with the agar
gel and phenolic foam systems.
Plant growth analysis revealed that there was very little difference
between Brassica rapa plants grown on the three systems (Table 5-3). There
were no changes in the indicators of photosynthetic productivity (RGR and
NAR), but there was a change in weight distribution associated with the agar
grown plants. The shoot weight ratio increased while the root weight ratio
decreased. This was due to an increase in the specific shoot weight and a
decrease in root weight (data not shown).
The increase in ADH activity (Table 5-4) associated with the dwarf
wheat plants grown on the agar gel and phenolic foam systems indicates that
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low oxygen root conditions existed within these systems. Another indicator of
low oxygen root conditions in these plants was the morphological changes
(Figure 5-3). These changes are most probably a response to differing levels of
oxygen availability associated with the different systems, since it has been
shown that under oxygen limited conditions roots are shorter and thicker
(Waddington and Baker, 1965; Unger and Danielson, 1965). Brassica rapa
plants grown in the agar system also showed an increase in ADH activity
(Table 5-5) signifying that there were problems with oxygen availability in the
system. However, plant growth analysis data and previous studies (Daugherty
and Musgrave, 1994) suggest that Brassica is more tolerant to a low oxygen
root environment than is dwarf wheat during early growth. In fact Brassica rapa
can be grown by static hydroponic culture (Hershey, 1992). The ADH response
in Brassica is also associated with a decrease in root mass which is analogous
to the changes in root morphology seen in the dwarf wheat experiments.
ICP analysis showed that these systems differ in their ability to provide
nutrients to the plants (Tables 5-6; and 5-7). Decreases in shoot nutrient
content corresponded with increases in root nutrient levels and ADH activity.
Since identical nutrient solutions were used in these experiments, differences
in nutrient content may be the result of changes in the metabolic status of the
roots grown in the different systems. Low oxygen conditions are known to
decrease the adenylate energy charge (Saglio et a!., 1980) and H+/ATPase
activity (Poole, 1978) levels in roots. The chemiosmotic gradient and the
resulting membrane potential that results from proton pumping are believed to
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be the driving forces for nutrient uptake in plant roots (Cheeseman and
Hanson, 1979; Saglio et al 1980). Numerous studies have noted decreased
nutrient uptake is associated with a reduction in oxygen availability to the roots
(Hopkins etal., 1950; Leyshon and Sheard, 1974; Trought and Drew, 1980;
Trought and Drew, 1981). Ding and Musgrave (1995) found changes in root
system nutrient content similar to these results (increased Fe, Mn, and P)
related to production of a mineral plaque under waterlogged conditions.
The lack of biochemical and morphological changes associated with
oxygen availability in the porous tube grown plants might explain the
differences in support of plant growth and nutrient uptake seen in the dwarf
wheat experiments. Since the roots are directly in contact with both the nutrient
delivering porous tube and the air contained between the tube and the
polyethylene tube wrap, the porous tube system provides greater oxygen
availability. This may prove to be a major advantage in the spaceflight
environment because of the evidence that plant root systems respond
biochemically to decreased oxygen availability during exposure to spaceflight
(Porterfield etal., Chapter 2; 1994; 1995). In the dwarf wheat experiments,
phenolic foam grown plants tended to perform better than agar grown plants
but seemed to exhibit some morphological and biochemical signs of hypoxic
stress after 6 days. This may be due to the fact that the relatively large root
mass is contained in a very small space by the Nitex envelope.
The agar system is analogous to static hydroponic culture and produces
morphological and biochemical responses in dwarf wheat that can only be
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described as hypoxic. While this system has been successful in space
research (Kordyum etal., 1983; Heyenga, 1994; Kuang etal., 1995), for long
term studies to be undertaken aboard a space station, it should be avoided if
an alternative is available for experiments utilizing dwarf wheat.
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Lack of understanding of plant growth in the spaceflight environment is
an obstacle in the development of bioregenerative life support systems. Most of
the research that has been conducted on plants in space has been oriented
towards understanding plant gravity perception and gravitropism. This research
represents a focused effort to understand the environmental effects of
microgravity exposure due to alteration of the gravity mediated behaviors of
fluids and gases.
During the CHROMEX-03 and 05 spaceflight experiments we analyzed
the root tissue of Arabidopsis thaliana for metabolic changes that may be
associated with adaptation to low oxygen conditions. The working hypothesis
was that in microgravity, buoyancy driven convection would be inhibited
obstructing gas exchange in the rhizosphere. These experiments showed that
there was an 89% increase in the activity of the hypoxically responsive protein
alcohol dehydrogenase (ADH), and during CHROMEX-05 this increase in ADH
activity was associated with a 136% increase in ADH gene expression. These
changes in ADH activity and expression are consistent with adaptations to low
oxygen.
During these experiments, the control treatment plants were exposed to
the same regimen of temperature, light, and outside gas composition as the
plants exposed to the spaceflight environment on board the space shuttle.
Therefore it is unlikely that any other environmental stress response could
have led to the changes in ADH expression and activity. This is supported by
the ADH activity localization studies that show the changes in ADH activity
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were quantitative not qualitative because there were no differences in tissue
specificity between spaceflight and ground control plants.
While the ADH activity data supports the hypothesis that fluid and gas
behavior in microgravity may lead to problems with gas exchange, a point of
contention may be the agar medium redox potential data. In both spaceflight
experiments, redox potential readings showed that the bulk agar medium of the
spaceflight exposed plants actually contained higher oxygen levels. In
microgravity, gas movement is limited to slow diffusion because of the absence
of buoyancy-driven convection. As a consequence of this impaired gas
movement, the agar medium is unable to re-supply oxygen consumed at the
root surface, resulting in higher redox potential readings in the bulk agar. Also,
a less oxygenated zone immediately around the root would be produced which
would be too small to measure with our electrode and would lead to the
changes in metabolism that were noted.
In addition to these results which suggest limitation of oxygen exchange
in the roots, other researchers have noted changes in carbohydrate levels in
the shoots that could be resulting from the inhibition of carbon dioxide
exchange around the aerial portions of the plants. To better understand the
observed changes in spaceflight grown plants, a series of experiments
designed to test the effect of changing metabolic gas availability were
conducted. These experiments were unique because both C 02 and 0 2
concentrations were reduced in concert with one another. Root oxygenation in
these experiments represents a transition from hypoxic to anoxic conditions
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allowing us to determine the oxygenation of the spaceflight exposed plants in
the CHROMEX experiments, as well as look at ADH activity and expression
during this transition in the agar medium.
As oxygen availability decreased, ADH activity and expression
increased. The rate of increase in ADH activity was the greatest when the
oxygen dropped to 55% of ambient. While ADH mRNA levels did increase as
oxygen decreased, the greatest increases in the rate of ADH expression were
associated with oxygen concentrations between 100% to 88% of ambient
oxygen. This is significant because it suggests a post-transcriptional control
system for the ADH gene. These experiments also showed that the ADH
activity levels of the spaceflight exposed plants corresponded to a 28%
decrease in oxygen availability in the agar medium.
In considering the changes in carbohydrate concentrations, none of the
gas treatments in these experiments entirely reproduced the spaceflight
results. In microgravity, where convective currents are lacking, the resulting
zones of stagnant gases surrounding various parts of a plant organ would have
differing levels of oxygen and carbon dioxide based on the metabolic
processes of that particular plant organ. For example, during photosynthesis
the boundary layer surrounding a leaf would have reduced C 02 and elevated
0 2 concentrations relative to ambient atmosphere. Around the root the opposite
situation would occur. Oxygen concentrations would decrease and C 02
concentrations would increase as a result of cellular respiration. Nevertheless,
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the results obtained in this study demonstrate that growth and metabolism can
be controlled by altering the concentrations of oxygen and carbon dioxide.
Another phenomenon observed in spaceflight roots that was
investigated indirectly involves plant gravity perception. Past researchers
conducting gravitropism investigations have described the orientation of roots
exposed to spaceflight as random. This is commonly depicted by showing a
root tip growing out of the rooting matrix into the air. During the CHROMEX-03
and 05 experiments metabolic changes in the roots that are consistent with the
adaptation to low 0 2 conditions were observed. Given this information a
hypothesis was developed that states that, in some cases, root orientation
during spaceflight was not random but directed toward oxygen. To test if plant
roots can sense and respond to an oxygen gradient (oxytropism) a
microrhizotron capable of producing and maintaining an oxygen gradient
ranging from 21% to 0% oxygen was devised and a series of plants was grown
within this gradient. In experiments using a gravity sensing cultivar (Pisum
sativum L. cv Weibul’s Apollo) the roots integrated both the gravity and oxygen
gradient signals. In experiments using an ageotropic mutant (Pisum sativum L.
cv Ageotropum), curvature and reorientation of the roots toward higher oxygen
concentrations were more profound. While oxytropic curvature was observed
all along the gradient, the rate of curvature declined as the 0 2 concentration
decreased. This suggests that curvature is a metabolically active process.
Oxytropic curvature occurred in roots exposed to oxygen concentrations that
were not low enough to induce the hypoxically responsive protein ADH. This
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implies that the 0 2 sensor associated with oxytropism does not control the
induction of hypoxic metabolism. These experiments indicate that waterlogging
induced diagravitropism in roots is due to an integration of oxygen and gravity
sensing, and it may therefore be appropriate to use the term oxygravitropism to
describe this phenomenon. Clearly oxytropic responses play a bigger role in
controlling root orientation in microgravity, and these results support the
conclusion that plant roots may experience hypoxia during spaceflight as a
result of inhibition of gravity mediated movement of fluids and gases.
Since oxygen availability has been shown to change in root zones
during spaceflight, it is important to evaluate technologies for growing plants in
space for their ability to provide oxygen to the roots and support normal plant
growth. Experiments were conducted to compare root system morphology,
alcohol dehydrogenase (ADH) activity, nutrient content, and general plant
growth parameters of dwarf wheat and Brassica rapa plants grown on the
porous tube plant nutrient delivery system with plants grown on agar-solidified
gel nutrient media and nutrient-saturated phenolic foams, both of which are
currently being used for space shuttle based microgravity research. These
experiments showed that for both species the agar promoted a significant
hypoxic response as revealed by increases in ADH activity. While the growth of
dwarf wheat suffered, Brassica rapa was more tolerant to low oxygen root
environments. In dwarf wheat the changes in root oxygen availability were
associated with decreased nutrient acquisition and a change in root system
morphology. The porous tube grown plants typically performed better than the
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other systems because the roots are directly in contact with both the nutrient
delivering porous tube and the air contained between the tube and the
polyethylene tube wrap.
There are two major obstacles standing in the way of the development of
any plant growth system for space. These are the power and space limitations
imposed by the spaceflight platform, and our limited knowledge of the
requirements of plants within this unique environment. These studies clearly
contribute to our knowledge of what factors are important for normal root
function within the unique spaceflight environment. Specifically, this research
has shown that oxygen availability during spaceflight not only impacts root
metabolism but also may lead to changes in root orientation that could
compromise a microgravity based gravitropism experiment. Systems for
growing plants in space vary widely in their ability to supply oxygen to the
roots, because root aeration has not been considered as a crucial factor in
developing nutrient delivery technologies. The porous tube plant growth system
was shown to provide a well oxygenated root environment and this may prove
to be a major advantage in the spaceflight environment.
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Introduction
The experiments described below were done in order to minimize
experimental variability associated with wheat germination in nutrient delivery
system comparison experiments. The techniques that were outlined from these
experiments may also be utilized during spaceflight experiments that utilize
dwarf wheat as a model species. One such experiment, named the Microgravity
Plant Nutrient Experiment (MPNE-1), utilizes the recently developed porous
tube nutrient delivery system. MPNE-1 is scheduled for a flight test sometime in
1997.
Preliminary experiments with the porous tube system in a nutrient
delivery system comparison study indicated that the germination kinetics
associated with different nutrient delivery systems could possibly account for
some experimental variability. The ultimate goal of the experiments described
here is to determine if seed germination can be accelerated and synchronized
by pretreatment which allows seeds to slowly imbibe water from the air. The
experimental materials used for these experiments are those that were
originally planned for use in MPNE-1, specifically dwarf wheat and cucumber.
The "air-imbibing" technique outlined here will be used to minimize germination
variation associated with different nutrient delivery systems in future nutrient
delivery system comparative studies. This technique could also serve to insure
the maximum utilization of the flight experiment microgravity exposure time, as
well as minimizing any developmental differences associated with the rapid
changes of a germinating seedling.
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The air-imbibing technique makes use of a chamber at 100% humidity to
slowly hydrate dry seeds. This has the effect of allowing the reorganization of
the plasma membranes in the embryo and other tissues of the seed to proceed
in a manner that is potentially less deleterious to the dehydrated cells (Maden
and Crowe, 1975; Womersley, 1981; Crowe etal., 1983). The plasma
membranes in dehydrated seeds are typically oriented with the charged head
groups of the phospholipids directed towards the internal part of the bilayer.
The slow transition of the plasma membrane from this dehydrated form to the
metabolically active bilayer form prevents disorganization and possible
disruption of the plasma membrane's integrity (Luzzati, 1968; Maden and
Crowe, 1975; Crowe etal. 1977; Schneider etal., 1979; Volke, 1982; Crowe et
a/., 1983; McDaniel etal., 1983; Crowe and Crowe, 1984; Crowe etal., 1984).
The reorganization of the plasma membrane associated with air-imbibing does
not necessarily allow germination because the amount of water absorbed by
the seeds does not reach levels required for germination in the time that the
seeds are imbibed. It is hoped that treatment with air-imbibing will facilitate and
synchronize germination once the seeds are exposed to free water. In these
experiments the effect of period of air-imbibing was examined as well as the
subsequent effect of temperature and gravitational vector disruption by
clinostat rotation on the air-imbibing response.
Materials and Methods
The air-imbibing chamber was composed of a translucent, covered
plastic container that accommodated two petri dish bases on top of moistened
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paper towels. The two petri dish bases were divided into quadrants which
allowed the separation of up to four air-imbibing exposure treatments for both
the wheat and cucumber in the same chamber. All of the experiments
conducted examined the effect of 0 to 4 days of air-imbibing treatment on
wheat and cucumber simultaneously, unless otherwise noted. The imbibing
treatments were conducted at room temperature in the light. Following
imbibing, the seeds from each treatment were placed onto water saturated filter
paper inside standard petri dishes for germination. In all experiments,
germination was arbitrarily considered to have occurred upon emergence of the
radical from the seed coat. The initial experiment, consisting of three
replications and twenty seeds per treatment, examined germination at room
temperature following air-imbibing treatment under standard office lighting. The
seeds were observed every 6 hours for the occurrence of germination. These
experiments showed variation that was possibly associated with temperature
fluctuation, so the germination conditions were changed. In the next
experiment, which was replicated three times, temperature treatments ranging
from 15°-30°C in 5° increments were used for germination. These temperature
treatments were maintained in separate incubators that were allowed to reach
equilibrium before the germination treatments were initiated. The incubators
were kept dark so exposure to light only occurred every three hours when
germination was scored.
Finally a clinostat rotation experiment was conducted with four different
imbibing treatments ranging from 0 to 3 days, with ten seeds per treatment. The
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imbibed seeds were rolled into germination paper (Anchor Paper Co., St. Paul,
MN) which was hydrated with distilled water just to saturation and put onto a
vertical clinostat which rotated at 1 rpm. Separate darkened chambers, at room
temperature, were used to contain the clinostat and stationary control
treatments for each sampling time. Destructive sampling occurred every 6
hours from the initiation of the germination conditions. This experiment
consisted of only one replication.
The air-imbibing data were analyzed using one-way and two-way
ANOVA and any significant differences were determined using Fisher's LSD
multiple comparison test. The clinostat rotation experiment was analyzed using
a Paired t-test. All data analysis was performed at the 0.05 significance level
using the statistical analysis tools add-in component of Microsoft Excel.
Results
The data from each treatment in the temperature based air-imbibing
experiments were not significantly different based on replication using two-way
ANOVA, and were pooled for further analysis. Figures A-1 and A-2 show the
effects of air-imbibing at different temperatures on cucumber and dwarf wheat
respectively. Although the two way ANOVA of the pooled results revealed no
interaction between the air imbibing treatment and the response to temperature
for either species, the air-imbibing effect was significant at all temperatures
except at 15°C. The response by the cucumber to air-imbibing was most
evident in the plot of the 20°C treatment (Figure A-1). Correspondingly, dwarf
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Figure A-1. Response of air-imbibed cucumber at various germination
temperatures. Seeds were air-imbibed 0-4 days prior to initiation of
germination.
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Figure A-2. Response of air-imbibed dwarf wheat at various germination
temperatures. Seeds were air-imbibed 0-4 days prior to initiation of
germination.
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wheat responded most significantly to the air-imbibing treatment in the 20°C to
30°C temperature range.
The results of the air-imbibing experiments were summarized based on
synchronization and initiation of germination. The cucumber and dwarf wheat
summaries are contained in Figures A-3 and A-4 respectively. It is evident
from the summaries that between 20°C and 30°C, germination is synchronized
in both cucumber and dwarf wheat by air-imbibing treatment. An effect on
initiation of germination only showed up at 20°C in both species. Between 25°C
and 30°C there was no significant difference in germination kinetics between 3,
or 4 days of air-imbibing in the cucumber. Also there was no significant
difference in germination kinetics between 3 or 4 days of air-imbibing at the
identical temperature range in dwarf wheat.
Figures A-5 and A-6 contain the results of the clinostat rotation
experiments for cucumber and dwarf wheat respectively. Statistical analysis of
the data using the paired t-test revealed no difference in the imbibing response
resulting from gravitational vector disruption. It is interesting that there was a
higher level of variance associated with the response of the cucumber seeds to
subsequent clinostat rotation. This may have been due to a secondary effect
associated with clinostat rotation.
Discussion
A general trend towards promotion of germination synchronization by
air-imbibing was obvious in the cucumber and dwarf wheat experiments
presented here. This response to air-imbibing was apparent between 20°C and
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Figure A-3. Summary of cucumber air-imbibing response data.
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Figure A-4. Summary of dwarf wheat air-imbibing response data.
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Figure A-5. Response of cucumber to air-imbibing and subsequent clinostat
rotation.
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Figure A-6. Response of dwarf wheat to air-imbibing and subsequent clinostat
rotation.
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30°C in both cucumber and dwarf wheat. Promotion of germination initiation by
air-imbibing was only evident in the 20°C responses of cucumber and dwarf
wheat, and overall was solely a function of temperature.
Based on Fisher’s LSD, there was no statistical difference between the
response of cucumber or dwarf wheat to 3 or 4 days of air-imbibing at any of
the temperatures examined in this study. Also, based on the same statistical
test, there was no difference between 0 and 1 days of treatment. It is
interesting that the differences in the imbibing effect seemed to be negated by
exposure to cooler temperatures in both the cucumber and the dwarf wheat.
This can be explained by the fact that all metabolic processes are slowed by
cool temperatures. A slowed metabolism translates into longer germination
times, enabling the seeds treated with a shorter imbibing time to take up water
to a level that is equivalent to that of seeds experiencing longer air-imbibing
treatments.
Gravitational vector disruption by clinostat rotation had no statistically
significant effect on seed germination patterns in any of the imbibing treatments
for cucumber or dwarf wheat. The germination patterns observed for the
cucumber seeds (Figure A-5) had a higher level of variance, which may
possibly be due to mechanical heat produced by the actual clinostat rotation. If
temperature had indeed increased in the clinostat treatment, it might have had
less of an effect on wheat than cucumber, since the wheat seems to be less
responsive to temperature differences in the range experienced during the
experiment (Figures A-1 and A-2). This might explain the lower variance in the
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wheat germination on the clinostat. In the past, no effect on germination
kinetics has been associated with gravitation vector disruption. Therefore a
negative effect on the air-imbibing response was not expected, but could not be
ruled out without experimentation.
These results indicate that germination can be effectively synchronized
by 3 days of air-imbibing when germination will occur in the 20°C to 30°C
temperature range expected in the mid-deck for a flight experiment. A
preliminary experiment seems to indicate that the upper range to air-imbibing
treatment without germination is around 7 days. More experiments are planned
to test the maximum amount of time seeds can be air-imbibed without
germinating. Since these experiments were initiated the decision was made to
exclude cucumber as a candidate for MPNE-1, in favor of possibly using lettuce
or Brassica rapa. Once a specific cultivar has been named these experiments
may be conducted on that species if necessary.
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